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ABSTRACT 

Aerosols’ presence in the atmosphere is known to influence health and weather-related matters. It 

is believed that these pollutants are available in the atmosphere all year round but are more 

prevalent at certain seasons of the year. Some source points can be close or far from the locations 

where the aerosols are prevalent, but their transportation from a long distance is mostly aided 

through meteorological means. Although, it is a known fact that the resultant aerosol particles from 

human activities (anthropogenic) such as biomass burning, carbonaceous, etc., have contributed 

substantially to the global mean aerosol burden since the pre-industrial era, the aerosol particles 

can be said to affect climate systems via different mechanisms. Aerosols’ influence on Earth’s 

climate can occur during clear sky which allows it to reflect incoming sunlight to outer space – the 

direct effect, or the ability to act as condensation nuclei – the indirect effect. Aside from these 

stated ways of aerosols’ influence on Earth’s climate, it is also known to absorb radiation which 

leads to hindering cloud formation. The fact remains that the aerosol can be said to influence 

meteorological variables, thus leading to climate influence. This can be a kind of feedback 

mechanism between these atmospheric phenomena. In determining the effect of aerosols’ transport 

on convective systems, there is a need to determine the variability of aerosols and their relationship 

with climatic parameters, evaluate the capability of the COSMO-MUSCAT coupling model to 

simulate past episodes, assess the impact of aerosols on convection initiation and propagation, and 

the impact of non-local plumes on simulated cloud properties, relative humidity and temperature. 

This study covers the whole of West Africa, with some ten (10) selected stations for detailed 

analyses, namely: Abidjan, Accra, Agoufou, Banizoumbou, Dakar, Freetown, Ikeja, Kano, 

Ouagadougou and Praia. The work made use of concentration/aerosol (biomass burning, 

carbonaceous, dust and PM2.5) and meteorological (convective precipitation, wind speed and water 
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vapor) data for a period of 30 years. Other data used were the initial data for some selected 

episodes for both concentration and meteorology. The selected episodes were; Dust and smoke 

episode of December 24 -27, 2015 over West Africa. The dust layer extended from the ground up 

to 2000m while the smoke layer occurred from 2000m – 4000m range, Dust pollution outbreak of 

March 20 – 29, 2010 over West Africa and spread up to the coastal cities of Lagos and 

southwestern Nigeria, and Convective activities of 30th August – 2nd September 2009 over 

Ouagadougou and other West African countries. The statistical analyses employed in achieving 

one of the objectives were Pearson’s correlation method and the probability value (p-value). The 

graphical analyses were done with python and ferret. The result showed that most aerosols are 

predominant in the dry months of December, January and February, but dust was found to be 

present all throughout the months of the year around Bodélé depression, over Chad. The monthly 

trend of dust and PM2.5 exhibited same pattern. Putting the p-value into consideration, there exists 

a 60% - 90% statistically significant relationship between the selected climatic parameters and 

aerosols used in the study. In the validation of the COSMO-MUSCAT coupling model output, the 

EUMETSAT images showed a similar pattern of dust mobilization and southward dispersion of 

the aerosol (dust) from the Bodélé depression. The inability of the model to capture the aerosols 

around the Gulf of Guinea area of Freetown up to Dakar showed that there was an influx of 

moisture as observed from EUMETSAT images, leading to precipitation which may have 

suppressed the aerosols. The wind profiles over each of the locations exhibited continuous vertical 

wind shear which has showed to be responsible for increasing intensity of convective systems. The 

non-local plumes showed that the radiative feedback mechanism had more impacts on the climatic 

parameters (cloud properties, relative humidity, and temperature) especially around the surface 

than the non-feedback mechanism. 
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CHAPTER ONE 

1.0 INTRODUCTION 

This chapter gives a detailed introduction to what the work is all about. In this section, the 

background to study will enumerate some critical details of the work. The statement of the 

problem is to give a concise description of what is to be addressed or what to be improved upon. It 

identifies the gap between the current state and the proposed or desired finding in order to improve 

on previous works. Aim and objectives can be simply said to be what the work hopes to achieve 

and the actions to be taken in order to achieve the aim respectively. The justification is the purpose 

or major reason for carrying out the work. It can also be referred to as the answer to the questions 

posed in the problems of the statement. This section equally discussed the interaction between 

aerosols and other meteorological variables such as convective precipitation, wind, temperature, 

relative humidity, etc. While the scope of the study gives summary details of what the work covers 

which ranges from aim to data and method and what to expect as finding. 

1.1 BACKGROUND TO THE STUDY 

Aerosols and convective systems are two (2) major systems over Africa, especially the western 

part of the continent. These two major systems are associated with the two major seasons, namely: 

the dry and wet seasons. While the intensity of most aerosol types is found to be in existence 

during the dry season, the convective system is a determining factor of the rainy season. Though 

extraterrestrial-induced precipitation has resulted in rainfall during the dry months in time past, it 

does not change the climatological pattern of these systems to the seasons. Generally, aerosols are 

believed to be ever present in the atmosphere all year round. For example, mineral dust was 

ubiquitously found in the troposphere over West Africa all throughout the year. However, a typical 
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seasonal dust cycle is observed with maximum surface concentrations in winter due to Saharan 

dust transport, although extremely high daily concentrations (>4000 µg m−3) are recorded during 

both dry and wet seasons (Marticorena et al., 2010). The pulses of high dust concentrations 

recorded in the wet season are due to local emissions by Mesoscale Convective Systems (MCSs) 

(Marticorena et al., 2010). These MCSs also bring precipitation to the Sahel and wet deposition 

acts extremely efficiently to remove dust from the atmosphere (Flamant et al., 2008). The Sahel is 

therefore a region of Saharan dust deposition during the dry season (Rajot et al., 2008), but also an 

intense source of local dust emission at the beginning of the wet season. Aerosols are natural and 

anthropogenic solid and/or liquid particles of different compositions, sizes, shapes, and optical 

properties suspended in the air. Examples of natural aerosols include desert or soil dust, wildfire 

smoke, sea salt, biogenic particles, and volcanic ash. Anthropogenic (or manmade) aerosols, which 

mostly originate from highly populated industrialized and agricultural areas of intense fossil fuel 

and biomass burning include smoke from a domestic fire and other combustion products, smoke 

from agricultural burning, soil dust created by overgrazing and deforestation, and draining of 

inland water bodies. Atmospheric aerosols are quantified by their mass concentration or an optical 

measure called aerosol optical depth (AOD) (also called aerosol optical thickness, AOT). It is 

pertinent to state that most of the aerosols over West Africa are not domain-source based, i.e. they 

are not in-situ. This means that aerosols can be transported from a long range. Long-range 

transport (LRT) also contributes to particles over both continents (land) and maritime (ocean). For 

instance, Simpson et al., (2014) found long-range transport (that is, free troposphere entrainment) 

supplied two-thirds of the Marine Boundary Layer (MBL) non-sea-salt sulfate (nssSO4), while 

Dimethyl Sulfide (DMS) or methylthio methane (CH3)2S provided only one-third over the pacific. 

Continental emissions including mineral dust, anthropogenic aerosols, and biomass-burning 
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plumes are often transported by winds from one source to another and even to the marine 

atmosphere. Due to longer transport times, the aerosols are mostly aged, showing increasingly 

oxygenated organics (Capes et al., 2008).  Also because particles can be transported over 

thousands of kilometers, they can reach the remote regions of the ocean, affecting the chemical 

composition of MBL aerosol particles (Fomba et al., 2014). Just as particles are transported into 

the West Africa region, it is important to state those aerosols also advected out of the region to 

other continents and maritime. For example, the long-range transport of aerosol specifically, the 

Saharan dust, from Africa to America shows a pronounced seasonal dependence which is strongly 

related to the movement of the inter-tropical convergence zone (ITCZ). During summer, dust is 

transported by the easterlies within a warm, dry, and well-separated Saharan air layer (SAL) 

(Prospero and Carlson, 1972, 1980). Up to 4-6km deep aerosol layers are transported to the 

Caribbean Sea, the Gulf of Mexico, and the southern United States (Schepanski et al., 2009; 

Huang et al., 2010). During winter, when the ITCZ retreats southward, dust layers are restricted to 

a height of 1.2km (Chiapello et al., 1995). Now, Saharan dust is transported to South America or 

deposited into the ocean (Kaufman et al., 2005; Ben-Ami et al., 2009). Furthermore, the dust layer 

is topped by biomass-burning aerosol from fires in southern West Africa (Kalu, 1979; Barbosa et 

al., 1999; Schepanski et al., 2009). These lofted layers can also contain significant amounts of 

mineral dust (Johnson et al., 2008b; Tesche et al., 2009b). 

Mesoscale weather systems is a phenomenon that includes thunderstorm, squall line, tornado, 

mountain wave, land, and sea breeze, clear air turbulence, and hurricane but not limited to these. 

Using the characteristic time/space scale, mesoscale was classified into the following by (Houze et 

al.; 1990 and Marwitz; 1972a, b, c). 
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Table 1.1: Mesoscale convective systems classification characteristics using time/space scale (Houze et    
    al.; 1990) 

CLASSIFICATIONS TIME LENGTH EXAMPLES 

Meso-α 1day 200 – 2000km Fronts, Hurricanes, 
etc. 

Meso-β 1hr – 1day 20 – 200km Squall lines, low-level 
jets, land & sea 
breeze, etc. 

Meso-ɤ 30mins – 1hr 2 – 20km Thunderstorms, 
flooding, etc. 

 

Houze (1993); defined mesoscale convective systems (MCSs) as cloud system that occurs in 

connection with an ensemble of thunderstorms and produces a contiguous precipitation area of 

~100km in horizontal scale in at least one direction. The mechanism for the daily, monthly, and 

inter-annual variability of the moisture transport associated with the meridional oscillation of the 

West African monsoon flow is not yet fully understood (Omotosho, et al., 2000; Grist and 

Nicholson, 2001). This is critical for the onset, temporal and spatial distribution of rainfall as the 

variability of this moisture strongly determines the timing, type, intensity, and precipitation 

delivery of the mesoscale convective weather systems which produce over 75% of the rainfall over 

the region. 

In the tropics and mid-latitudes, heavy precipitation is closely related to convective activity 

accounting for a large proportion of the rainfall. Most recently, these systems, known as mesoscale 

convective systems (MCSs), are defined as an ensemble of strong convective cells accompanied by 

a stratiform region evolving into organized clusters and forming a single mesoscale cloud. Line 

squalls and thunderstorms are regular phenomena within the tropics and are often accompanied by 
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rain, destructive violent winds, lightning, thunders, and hail, thereby posing serious hazardous 

problems to man and his socio-economic activities. 

Over West Africa, line squalls have been responsible for the largest percentage of the annual 

deposition of precipitation 

 
1.2 STATEMENT OF PROBLEMS 

Aerosol and Convective systems, are two major atmospheric phenomena, which have contrasting 

impacts on man and the environment. While aerosols’ presence can either be through natural 

sources or anthropogenic activities, convective systems are mostly natural. These atmospheric 

phenomena are associated with two major seasons, the dry and wet seasons. It has been ascertained 

that aerosols are present in the atmosphere almost throughout the year which may be due to long-

range transport from outside the domain of study, but more prevalent during the drier months of 

the year. The high presence of some of these aerosols, e.g. dust, smoke, haze, etc., in the 

atmosphere can result in health-related illness, as well as cause disruption of scheduled flight 

activities (e.g. delay or total cancellation of flights). This can lead to huge economic losses for 

airline operators. 

The annual rainfall supply over West Africa has convective systems as its major contributor, with 

over 70%. West African regions depend mostly on this rainfall for most of their socio-economic 

activities e.g. agriculture is rain-fed, energy is hydro-powered, etc. Persistent and slow-moving 

convective systems are major causes of flooding as a result of continuous precipitation which may 

lead to a low rate of infiltration. Flooding on its own part also leads to erosion in some cases based 

on the terrain and topography of the area. Flooding also has a serious negative effect on economic, 

social, and environmental implications in West Africa. 
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The interaction between aerosols and convective systems has been well documented. These were 

categorized under direct and indirect effects. These interactions between the two phenomena has 

been said to either suppress drizzle formation, reduce cloud droplets or enhance cloud formation. 

This impact of aerosols on the convective systems either enhancement or suppression of the latter. 

Hence, the extent of the impacts or effects of the aerosols presence in the atmosphere on some 

climatic parameters and convective systems over West African region need to be investigated. 

 

1.3 AIM AND OBJECTIVES 

The aim of this study is to determine the effect of aerosols’ transport on mesoscale convective 

systems (MCSs) over West Africa. 

The specific objectives of this study are to: 

1.) determine the variability of aerosol over West Africa and their relationship with climatic 

parameters; 

2.) evaluate the capability of the model in simulating past episodes of aerosols and heavy 

precipitation; 

3.) assess the impact of aerosols on convection initiation and propagation; and 

4.) assess the impacts of these non-local plumes on the COSMO-MUSCAT simulated cloud 

properties, relative humidity, and temperature. 

 

1.4 JUSTIFICATION 

Precipitation and unexpected dust episode leading to air pollution have been of major concern to 

climatologists, pedologists, agriculturists, hydrologists, environmental scientists, and even to the 

ordinary man in the street. Some of the problems arising from these phenomena include but are not 
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limited to, airborne-related disease, reduced visibility (for aerosols), and flooding, run-off which 

eventually leads to the destruction of crops as the topsoil is washed away. Mesoscale convective 

systems (MCSs) deliver about 75% of the total rainfall requirements for socio-economic activities. 

But recent studies have shown that the percentage contribution of the convective systems to total 

annual rainfall has reduced (Orisakwe, 2015), while its rate (frequency) of occurrence in the phase 

of changing climate is on the decrease (Ochei et al., 2015; Ochei & Oluleye, 2017). In a rain-

dependent economy setting that exists in most parts of West Africa, impacts of changes in the 

forms, patterns, and severity of weather components like rainfall remain a problem of great 

concern and the presence of aerosol in the atmosphere can be seen as one of the causes since 

MCSs act as a major sink for suspended particulate matter (aerosols) which are major of Sahara 

origin. Primarily, the aerosol impacts climate globally by reducing the amount of solar radiation 

that reaches the ground; knowing-fully well that the solar radiation supplies the energy that drives 

most if not all the systems. Presumably, low precipitation may result from suppression by aerosol 

while its (aerosol) impact on the hydrological cycle can be seen through its radiative forcing and 

microphysical effects. These impacts are potentially severe for Nigeria where energy generation is 

hydro-powered, agricultural activities are rain-fed, and most familiar extreme weather events (e.g. 

flooding and drought) depend majorly on the abundance and/or absence of MCSs over the region. 

Studies have shown that dust aerosols affect the earth’s energy cycle (Kaufman et al., 2002) and 

hydrological cycle (Gunn and Philips, 1957; Ramanathan et al., 2001) through their radiative 

forcing and microphysical effects. Despite several studies carried out on MCSs and aerosols, the 

effects of long-range transport of aerosols on regional Mesoscale Convective Systems (MCSs) are 

poorly understood especially over West Africa where convective activities are not fully explored. 

It has become imperative to understand the interaction of these weather phenomena, vis-à-vis, how 
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this interaction will benefit man and its environment since convective systems have been 

documented as a dominant rainfall-producing system over West Africa; and such scientific mission 

cannot be accomplished without the comprehensive climatology and dynamic study of these 

phenomena. The role aerosols plays in the convective systems of West African has led to studies 

that have shown several severe dust events (Flamant et al., 2007; Slingo et al., 2008) provide well-

documented case studies for testing and improving mesoscale dust models (Menut, 2008; Tulet et 

al., 2008). 

Several of these works have only shown interaction of these systems (dust and convective system) 

but yet to show how the dust and other aerosols impact or have effects on the convective systems 

as well as other climatic factors/variables responsible for convection initiation. 

 

1.5 INTERACTION OF AEROSOLS AND CONVECTIVE SYSTEMS 

The anthropogenic process has been found to be one of the major contributors to aerosol in the 

atmosphere. Anthropogenic land-cover changes resulting from the increase in agricultural and 

other human activities provide significant changes to various land surface physical properties (e.g. 

surface roughness, surface albedo, etc.). This landscape heterogeneity caused by land-cover 

changes is a major forcing for the development of local convective cumulus clouds that could 

potentially trigger the development of mesoscale convective systems (MCS) (Pielke et al., 2007; 

Brunsell et al., 2011). Most atmospheric thunderstorms and cloud-to-ground lightning strikes 

occur over the land. The preference for deep convection over land is due to the sufficiently large 

convective available potential energy (CAPE) over land. Large-scale variability in land-surface 

characteristics significantly affects global climate despite that land covers only about 29% of the 

earth’s surface. Land-atmosphere interactions determine how changes in surface boundary layer 
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conditions affect atmospheric circulations and climate patterns. The major land-atmosphere 

interaction mechanism is the influence of surface albedo on moisture flux convergence. 

Aerosol particles can be said to affect climate systems via different mechanisms. At the top of the 

list is the direct effect which is a result of solar radiation reflected back to space; absorption of 

solar radiation by mineral dust to warm the atmospheric aerosol layer, thereby hindering cloud 

formation or causing cloud droplets to evaporate – semi-direct effect; and the ability to act as 

condensation nuclei for cloud – indirect effects. Several attributes and characteristics have been 

adduced to the sub-Saharan aerosols, most importantly as its serving as cloud condensation nuclei 

(CCNs) which reduces cloud droplet effective radius, suppresses drizzle formation, and changes 

cloud lifetime – highly referred to as aerosol indirect effects (AIEs) (Twomey, 1977; Seinfeld et 

al., 2016). The aerosol may affect precipitation through both direct (scattering and absorbing of 

solar radiation) and indirect radiative (ability to influence the cloud optical properties) effects. 

Aerosols affect cloud hydrometers by acting as Cloud Condensation Nuclei (CCN) or Ice-

Nucleating Particles (INP). While the CCN can lead to new droplet formation and also increase the 

number of cloud droplets and cloud albedo (Twomey, 1974), the INP on the other hand, a more 

rare type of aerosol, can trigger droplet freezing. After droplets freeze, the resulting ice particles 

tend to grow at the expense of existing cloud droplets, eventually leading to precipitation 

(Wegener, 1911; Bergeron, 1935; Findeisen et al., 2015). 

Of meteorological interest in the atmosphere are particles as small as molecules and up in size 

through clouds and precipitation elements to giant hailstones. The phase equilibrium of a droplet of 

the radius is an unstable one. If the droplet were to evaporate by a small fraction, its radius would 

decrease and the saturation vapor pressure would increase, allowing for more evaporation. 

Conversely, if its radius were to increase slightly, the saturation vapor pressure would decrease and 
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the environment would be supersaturated with respect to the droplet. Thus, to create a water 

droplet or ice crystal in a given environment, it is necessary to form a droplet of at least the critical 

radius by setting the actual vapor pressure equal to the saturation value in Kelvin’s law. 

Were there no aerosols (small solid or liquid particles) in the atmosphere, the only means of 

creating a small particle of the critical radius would be by random clumping of water molecules 

that occurs in a gas? This is called homogenous nucleation and in practice would require 

supersaturations of up to several hundred percent. In nature, however, there is a large number of 

aerosols consisting of combustion products, dust, and products of photochemical reactions 

involving sulfides, ash, and sea salt. Those particles that are wettable, and particularly those that 

are water-soluble, serve as nuclei on which water may condense. These are called cloud 

condensation nuclei (CCN) and their presence allows heterogeneous nucleation to occur. The 

distribution of CCN varies greatly in space and time, with the largest concentrations in urban areas 

and near the earth’s surface, and the smallest concentration over the oceans and away from the 

surface. The presence of a water-soluble CC reduces the supersaturation needed for nucleation 

since some of the surface energy of a droplet is provided by the molecules of the solute. 

 
1.6 SCOPE OF STUDY 

This work is to investigate the effects of aerosols transport (either long-range transport or within 

the domain of study) on Mesoscale convective systems over West Africa. Ten (10) stations, 

selected to represent all climatic zones of West Africa, were chosen. The data used were sourced 

from NASA Earthdata Giovanni, covering meteorological parameters such as convective 

precipitation, water vapor, and wind speed as well as the aerosols’ types (biomass-burning, 

carbonaceous, dust, and PM2.5) used. Initial data for some selected pollution and heavy 

precipitation episodes were also used in the running of the COSMO-MUSCAT coupling model. 
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The work is to assess the effect of aerosols’ transport on mesoscale convective systems over West 

Africa. The study will show the correlation between aerosol types and convective systems as well 

as the shows the spatial distribution of the selected aerosol types over West Africa. 
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CHAPTER TWO 

2.0 LITERATURE REVIEW 

This chapter is divided into two (2) sections. These sections gave detailed reviews of existing 

literature. Section 2.1 is about aerosol; section 2.2 is about the convective systems (heavy 

precipitation) while section 2.3 is about the COSMO-MUSCAT coupling model. The chapter 

covered varying degrees for all sections ranging from types, favorable atmospheric conditions, and 

classifications of convective systems to distribution, impacts, and the interaction of aerosols to the 

weather systems especially as it concerns West Africa; as well as model documentation. 

Section 2.1: AEROSOLS 

2.1 AEROSOL 

Aerosols are suspensions of fine solid or liquid droplets in air or another gas. They are found over 

oceans, deserts, mountains, forests, ice sheets, etc. Aerosols can be natural (e.g. fog, sea spray, 

forest exudates, volcanoes, etc.) or anthropogenic such as particulate air pollutants, the mist from 

the discharge at hydroelectric dams or irrigation mist, perfume from atomizers or smoke, steam 

from a kettle, sprayed pesticides, and medical treatments for respiratory illnesses. One interesting 

area of aerosol research involves how aerosols impact clouds. Without aerosols, clouds could not 

exist. 

Table 2.1.1: Terminology used to describe common aerosol systems. 

Bio-aerosol An aerosol of biological origin, including airborne suspension of viruses, bacteria, 

and fungal spores, and their fragments 

Cloud A very dense or concentrated suspension of particles in the air, often with a well-

defined boundary at a macroscopic length scale. 
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Dust Solid particles are formed by crushing or other mechanical action resulting in the 

physical disintegration of the parent material. These particles generally have 

irregular shapes and are larger than about 0.5µm. 

Fog or Mist Suspension of liquid droplets. These can be formed by condensation of 

supersaturated vapors or by nebulization, spraying, or bubbling. 

Fume Particles resulting from condensed vapor with subsequent agglomeration. Solid 

fume particles typically consist of complex chains of sub-micrometer-sized 

particles (usually <0.05µm) of similar dimensions. Fumes are often the result of 

combustion and other high-temperature processes. Note that the common usage of 

“fume” also refers to noxious vapor components. 

Haze Visibility-reducing aerosol. 

Nanoparticle A particle in the size range of 1-100nm. 

Particle A small, discrete object. 

Particulate An adjective indicating that the material in question has particle-like properties 

(e.g., particulate matter). Sometimes used incorrectly as a noun to represent 

particles. 

Smog An aerosol consisting of solid and liquid particles is created, at least in part, by the 

action of sunlight on vapors. The term smog is a combination of the words 

“smoke” and “fog” and often refers to the entire range of such pollutants, 

including the gaseous constituents. 

Smoke A solid or liquid aerosol is the result of incomplete combustion or condensation of 
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supersaturated vapor. Most smoke particles are sub-micrometer in size. 

Spray Droplet aerosol is formed by the mechanical or electrostatic breakup of a liquid. 

 

The above-mentioned aerosols and any other aerosols either occur individually or as a result of the 

combination of more than one aerosol type. The liquid or solid particles in an aerosol have 

diameters typically less than 1 µm (larger particles with a significant settling speed make the 

mixture a suspension, but the distinction is not clear-cut). 



 

15 

 

 

 

 

 

 

Figure 2.1: General representation of aerosol particles in the troposphere (Tilgner et al., 2021). 
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2.1.1 PRIMARY AND SECONDARY AEROSOLS 

Primary Atmospheric Aerosols are particulates that are emitted directly into the atmosphere (for 

instance, sea salt, mineral aerosols [or dust], volcanic dust, smoke, and soot, some organics). While 

secondary atmospheric aerosols are particulates that are formed in the atmosphere by gas-to-

particle conversion processes (for instance, sulfates, nitrates, and some organics). Inorganic 

primary aerosols are relatively large (often larger than 1 µm) and originate from sea spray, mineral 

dust, and volcanoes. These coarse aerosols have short atmospheric lifetimes, typically only a few 

days. Combustion processes, biomass burning, and plant/microbial materials are sources of 

carbonaceous aerosols, including both organic carbon (OC) and solid black carbon (BC). Black 

carbon is the main anthropogenic light-absorbing constituent present in aerosols. Its main sources 

are the combustion of fossil fuels (such as gasoline, oil, and coal), wood, and other biomass. 

Primary BC and OC containing aerosols are generally smaller than 1 µm. 
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Figure 2.2: Composition of primary and secondary atmospheric aerosols (Riemer et al., 2019) 
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Secondary aerosol particles are produced in the atmosphere from precursor gases by condensation 

of vapors on pre-existing particles or by nucleation of new particles. A considerable fraction of the 

mass of secondary aerosols is formed through cloud processing (Ervens et al., 2011). Secondary 

aerosols are small; they range in size from a few nanometers up to 1 µm and have lifetimes of days 

to weeks. Secondary aerosols consist of mixtures of compounds; the main components are sulfate, 

nitrate, and OC. The main precursor gases are emitted from fossil fuel combustion, but fires and 

biogenic emissions of volatile organic compounds (VOCs) are also important. Occasionally 

volcanic eruptions result in huge amounts of primary and secondary aerosols both at the ground 

and in the stratosphere (Boulon et al., 2011). 

The size and chemical composition of the particles evolves with time through coagulations, 

condensation, and chemical reactions. Particles may grow by the uptake of water, a process that 

depends on chemical composition, particle size, and ambient relative humidity. The different 

particles have varying impacts in the atmosphere depending on composition, and the numerous 

sources and large range in size distributions further complicate a quantification of their effects. 

Both particle growth and the mixing of different particle types influence the climate effect of 

aerosols. 
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         Figure 2.3: Sources and appearance of atmospheric aerosols (Posfai et al., 1999). 
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The top images are the local and large-scale air pollution. The sources include (bottom, 

anticlockwise) volcanic eruptions (producing volcanic ash and sulfate), sea spray (sea salt and 

sulfate aerosols), desert storms (mineral dust), savannah biomass burning (BC and OC), coal 

power plants (fossil fuel BC and OC, sulfate, nitrate), ships (BC, OC, sulfate nitrate), cooking 

(domestic BC and OC), road transport (sulfate, BC, VOCs yielding OC). The center image denotes 

the electron microscopic images of (A) sulfate, (B) soot, and (C) fly ash, a product of coal 

combustion. 
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  Figure 2.4: Secondary Aerosol Formation (i.e., Gas à PM Conversion) 
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Although coagulation modifies the size distribution of an aerosol, it causes no change in mass 

concentration. The other important internal process within a gas that shapes the size distribution, 

gas-to-particle conversion, results in an increase in the aerosol mass concentration. In studying this 

process, the interest is in the mechanisms by which gases are converted to particles, the rate at 

which conversion takes place, and the distributions of the condensed matter concerning particle 

size. Gas-to-particle conversion may result from homogenous gas-phase processes, or it may be 

controlled by processes in the particulate phase. Gas-phase processes, either physical or chemical, 

can produce a supersaturated state which then collapses by aerosol formation. Physical processes 

producing supersaturation include an adiabatic expansion or mixing with cool air or radiative or 

conductive cooling. Gas-phase chemical reactions such as the oxidation of SO2 to sulfuric acid in 

the atmosphere or the oxidation of SiCl4 to SiO2 in the industry also generate condensable 

products. 

Once a condensable species has been formed in the gas phase, the system is in a non-equilibrium 

state. It may pass toward equilibrium by the generation of new particles (homogenous nucleation) 

or by condensation on existing particles (heterogeneous condensation). If all collisions among 

condensable molecules are effective, the process resembles aerosol coagulation. It should be noted 

that the prediction of aerosol coagulation rates is a two-step process. The first is the derivation of a 

mathematical expression that keeps count of particle collisions as a function of particle size; it 

incorporates a general expression for the collision frequency function. An expression for the 

collision frequency based on the physical model is then introduced into the equation that keeps 

count of collisions. However, in certain important cases, small molecular clusters are unstable, and 

an energy barrier must be surmounted before stable nuclei can form. 
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Figure 2.5: Population-weighted averages for relative source contributions to total PM2.5 in Urban sites 
(Karagulian et al., 2015). 
 

Traffic and Natural resources 
(soil dust and sea salt) as main 
sources 
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Understanding the concept of Source Apportionment (SA) involves the concept of deriving 

information about pollution sources and the amount they contribute to ambient air pollution. The 

task can be accomplished using three (3) main approaches namely; emission inventories, source-

oriented models, and receptor-oriented models. The analysis of source apportionment studies as 

highlighted in (Karagulian et al., 2015) showed the complexity of mapping source categories. 

Many of the source apportionment studies used different source categories that were mainly 

determined by the available techniques for the chemical analyses. In most of the studies, a large 

portion of the particulate matter remains unexplained, and this often includes secondary particles 

(herein referred to as “unspecified sources of human origin”). The figure above made use of 419 

source apportionment (Karagulian et al., 2015), and the output suggests that traffic contributed 

25% of urban ambient particulate matter (PM2.5) from global averages of source contributions, 

15% by industrial activities, 22% from unspecified sources of human origin, 20% from domestic 

fuel and 18% from natural dust and sea salt. With regards to Africa, domestic fuel burning 

emerged as the main contribution in Africa with about 34%, natural sources including soil dust and 

sea salt recorded at 22%, while the unspecified sources of human origin and traffic recorded the 

same contribution of 17% each. It should be noted that atmospheric modeling studies indicated a 

large contribution from solid fuel combustion in households, this category was not distinguished in 

many source apportionment studies or lumped together with traffic emissions. 
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Figure 2.6: Overview of large clouds of aerosols around Earth (Green: Smoke; Blue: Salt; 
Yellowish brown: Dust; White: Sulfate (Source: William Putman, NASA/Goddard) 
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Several types of atmospheric aerosol have significant effects on Earth’s climate: volcanic, desert 

dust, and sea salt, which originate from biogenic sources and are human-made. Volcanic aerosol 

forms in the stratosphere after an eruption as droplets of sulfuric acid that can prevail for up to two 

years, and reflect sunlight, lowering the temperature. Desert dust and mineral particles are blown 

to high altitudes, absorb heat, and may be responsible for NASA, inhibiting storm cloud formation. 

Human-made sulfate aerosols, primarily from burning oil and coal, affect the behavior of clouds 

(NASA, 2014). Although all hydrometeors, solid and liquid, can be described as aerosols, a 

distinction is commonly made between such dispersions (i.e. clouds) containing activated drops 

and crystals, and aerosol particles. 

 

2.1.2 EFFECTS OF AEROSOLS 

Several attributes and characteristics have been adduced to the sub-Saharan aerosols, and these are 

not limited to their long-range transport of nutrients (Duce et al. 1991), bacteria (e.g Bovallius et 

al. 1978; Maki et al., 2019) and pollutants (e.g. Lyons et al. 1978; Lindqvist et al., 1991), to its 

serving as cloud condensation nuclei (CCNs) which reduces cloud droplet effective radius, 

suppresses drizzle formation, and change cloud lifetime – highly referred to as aerosol indirect 

effects (AIEs) (Twomey 1977; Seinfeld et al., 2016). Aerosols interact with the Earth’s energy 

budget in two (2) ways; directly and indirectly. For example, a direct effect of aerosols is the 

scattering and absorption of solar radiation (Dong, 2019). This will mainly lead to the cooling of 

the surface (solar radiation is scattered back to space) but may also contribute to the warming of 

the surface (caused by the absorption of the incoming solar radiation) (IPCC, 2018). This can lead 

to additional elements to the greenhouse effect and therefore contribute to global climate change 

(Kommalapati & Valsaraj, 2009). The indirect effects refer to the aerosols interfering with 



 

27 

 

formations that interact directly with radiation. For example, aerosols can modify the size of the 

cloud particles in the lower atmosphere, thereby changing the way clouds reflect and absorb light 

and therefore modifying the Earth’s energy budget (Allen, 2014). This is evidence to suggest that 

anthropogenic aerosols offset the effects of greenhouse gases in some areas, which is why the 

Northern Hemisphere shows slower surface warming than the Southern Hemisphere, although that 

just means that the Northern Hemisphere will absorb the heat later through ocean currents bringing 

warmer waters from the South (Irving et al., 2019). On a global scale, aerosol cooling decreases 

greenhouse-gases-induced heating without offsetting it completely (IPCC, 2021). When aerosols 

absorb pollutants, it facilitates the deposition of pollutants to the surface of the earth as well as to 

bodies of water (Kommalapati & Valsaraj, 2009). This has the potential to be damaging to both the 

environment and human health. Aerosol particles with an effective diameter smaller than 10 µm 

can enter the bronchi, while the ones with an effective diameter smaller than 2.5 µm can enter as 

far as the gas exchange region in the lungs (Grainger, 2014), which can be hazardous to human 

health. Volcanic eruptions release large amounts of sulphuric acid, hydrogen sulfide, and 

hydrochloric acid into the atmosphere. These gases represent aerosols and eventually return to 

Earth as acid rain, having several adverse effects on the environment and human life (Allen, 2014). 

Aerosols in the 20 µm range show a particularly long persistence time in air-conditioned rooms 

due to their jet rider behavior (move with air jets gravitationally fall out in slowly moving air) 

(Hunziker, 2020), as this aerosol size is most effectively absorbed in the human nose 

(Kesavanathan & Swift, 1998), the primordial infection site in COVID-19, such aerosols may 

contribute to the pandemic. 
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2.1.3 PREVIOUS WORKS ON AEROSOL OVER WEST AFRICA 

Several campaigns over West African aerosols (mainly the mineral dust) dynamics, chemistry, 

interaction with clouds, etc. have been done over the years to achieve different findings. For 

example, the Dynamics-Aerosol-Chemistry-Cloud Interactions in West Africa (DACCIWA) 

program comprises about sixteen (16) partners of higher institutions from Germany, the United 

Kingdom, France, Switzerland, and Nigeria. AMMA (African Monsoon Multi-Disciplinary 

Analysis) program (Polcher et al., 2011) made an integrated observational and modeling study, 

using ground-based and airborne and satellite measurements, to characterize the aerosol loads over 

continental West Africa. The program described aerosol processes from emission through 

atmospheric transport, to deposition or advection outside the African domain and the physico-

chemical properties that control their impacts, and in particular their direct radiative effect. The 

West African Multi-disciplinary Monsoon Analysis (AMMA) field campaign according to 

(Redelsperger et al., 2006) has provided an excellent opportunity to improve the understanding of 

the life cycle of desert dust and its feedback with atmospheric dynamics. The first Special 

Observing Period (SOP0) of the program was devoted to the improvement in the current 

understanding of the desert dust particle atmospheric processes, especially in terms of their 

emission and transport from their source areas to their redistribution and sedimentation 

(Schepanski et al., 2009), and their impacts on the atmospheric radiative budget. The long-range 

transport of aerosols can influence the air quality of the world. For instance, aerosols that had their 

source in Asia can be transported to locations as far as North America, and substantially contribute 

to the local levels of air pollutants (Lin et al. 2012; Cooper et al. 2015; Verstraeten et al. 2015). S 

Dust episodes over Nigeria and indeed over West Africa are a well-known characteristic of the dry 

season between November and January extending sometimes (but on rare occasions) to the end of 
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February over the south coast of Nigeria. Dust is usually mobilized and transported, from the 

source region of the Bodélé depression (Herrmann et al. 1999), and other neighboring source 

regions, southward during the boreal dry season. Dust aerosol is one of the atmospheric 

constituents that have been well studied because of its radiative property (Kaufman et al. 2002). A 

well-known effect of dust on radiation is the scattering of rays of light to produce cooling or 

reduce horizontal visibility (Tegen and Lacis, 1996; Levin et al. 1996; Han et al. 1998; Haywood 

and Boucher 2000; Harrison et al. 2001). 

2.1.4 AEROSOL SOURCES: TYPICAL SPATIAL AND SEASONAL PATTERNS 

Specific inventories of carbonaceous aerosols have been developed for the 2000–2007 period over 

the African continent (Liousse et al., 2010). Aerosol emissions from biomass burning are 

estimated based on satellite observations of burned areas and types of combustion (Liousse et al., 

2010). In the northern hemisphere, they are maximum in December and are mainly located in 

Central Africa, with a few hot spots in Western Africa and a year-to-year variability as high as 

50%. Regional inventories of anthropogenic emissions due to fossil fuel and biofuel (gasoline, 

diesel, wood, crop residues, etc.) consumption, include regional specificities, such as traffic from 

two-wheel vehicles (Assamoi and Liousse, 2010). These inventories highlight the local 

contribution of large African cities (e.g. Lagos, Cotonou), in agreement with observations (Reeves 

et al., 2010). Regional and global simulations using these new inventories better agree with 

observations (Liousse et al., 2010; Tummon et al., 2010). The anthropogenic emissions 

(fuel/biofuel/traffic/industry) of carbonaceous aerosols are comparable to those from open biomass 

burning, with emission scenarios suggesting a likely future increase. 
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2.1.5 CHEMICAL AND PHYSICAL PROPERTIES AND PROCESSING OF SOME 

AEROSOLS. 

Physico-chemical properties of mineral dust, and in particular those controlling their radiative 

effect, have been extensively investigated. For the first time, size-resolved mineral dust emission 

fluxes have been measured in situ, confirming the change in the emitted dust size distribution with 

dynamical conditions (Sow et al., 2009). Significantly different size distributions are recorded 

between locally produced and advected dust (Rajot et al., 2008). While the non-sphericity of 

mineral dust particles has been clearly stated, their aspect ratio (1.7) was found almost constant on 

the whole size spectrum (Chou et al., 2008). Regional signatures in iron oxides have been 

distinguished according to dust origin (Formenti et al., 2008). Despite their low contribution to the 

dust mass (2.4 – 4.5%, i.e. 46% and 59% of total iron), iron oxides strongly influence dust 

absorption characteristics (McConnell et al., 2010) and may thus impact the sign of the dust’s 

direct radiative effect. Evidence of the internal mixing of mineral dust with biomass-burning 

particles was given during the dry season (Hand et al., 2010). Dust chemical properties are also 

modified during the wet season by their incorporation into cloud droplets, becoming internally 

mixed with sulfate, chloride, and nitrate (Crumeyrolle et al., 2008; Matsuki et al., 2010). Mineral 

dust radiative and CCN properties may thus be significantly impacted by interactions with 

biomass-burning aerosols in the dry season and with soluble organic and inorganic components 

brought by the monsoon flow in the wet season. 

During the dry season, biomass burning is the overwhelming source of submicron organic aerosol, 

with size evolving by coagulation from 0.08 µm close to the sources to 0.1–0.2 µm for aged 

biomass burning aerosol (Johnson et al., 2008; Capes et al., 2009). A constant ratio between 

organic mass and carbon monoxide has been observed in biomass-burning plumes, close to and far 

downwind fire sources, while the oxygen-to-carbon ratio increases. This implies a loss of carbon 
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within the plume, as highlighted in some, though not all, field and chamber studies (Grieshop et 

al., 2009). The observed organic mass is grossly underestimated by the production yields derived 

from simulation chamber studies (Capes et al., 2009). This highlights very large gaps in our 

understanding of the evolution of organic aerosol in West Africa. 

For the atmospheric particulate matter (PM) as of today, the regional modeling of this aerosol is of 

major importance for air quality studies (Dreher and Costa, 2002) as well as climate 

considerations. As models are important tools for air quality management and the evaluation of 

emission control policies, it is necessary to assess their ability in simulating air quality. However, 

the modeling of PM concentrations is a difficult task because PM is a conglomerate of many 

particles with different physical and chemical properties. These particles are both emitted directly 

from a large variety of anthropogenic, biogenic, and natural sources and formed in the atmosphere 

by chemical and physical processes from gas-phase precursors 

2.1.6 AEROSOL SPATIAL DISTRIBUTION OVER WEST AFRICA 

The spatial redistribution of aerosols in the atmosphere is linked to large-scale dynamical patterns. 

For instance, the field observations from AMMA show that various small-scale and mesoscale 

processes are also involved in the generation of mineral dust, aerosol mixing in the boundary layer, 

and vertical transport to upper atmospheric layers. 

During the dry season, two main anti-cyclonic regions are located close to the Azores and Saint 

Helena islands, with low pressure over central Africa linked to large-scale heating. The Inter-

Tropical Discontinuity (ITD) is located slightly north of the Equator and a reduced monsoon 

inflow prevails south of the Sahel. The so-called ‘Harmattan Front’ separates the dusty air to the 

north from the biomass-burning-laden air to the south although significant mixing occurs at the 

boundary (Haywood et al., 2008). The stronger heating to the South causes the relatively unstable, 
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moist, warm, and biomass-burning-laden air to be undercut by drier cooler dust-laden air. This 

leads to a two-layer structure: the lower (elevated) layer is dominated by dust (biomass-burning 

aerosol). Ground-based and airborne (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 

Observations, CALIPSO) lidar systems offered the unique capability to monitor the aerosol 

vertical distribution and demonstrate the persistency of this two-layer structure at the regional and 

multi-annual scale (Léon et al., 2009; Cavalieri et al., 2010). 

In the wet season, the energy budget of the system is modified. A strong heat low develops over 

Sahara, reinforcing the pressure gradient with the Gulf of Guinea. The ITD moves north, and the 

monsoon inflow reaches the North Sahel (Lafore et al., 2011), depending on the month of the wet 

season, with the northernmost position of the ITD said to be at 22oN (Ilesanmi, 1971; Adefolalu, 

1984; Omotosho, 1985; Nymphas et al., 2004). Meanwhile, the anticyclone in the southern 

hemisphere extends over land and into central Africa. These dynamic patterns and the 

development of boundary layer height over northern Africa by solar heating (Milton et al., 2008) 

favor dust transport over the Atlantic and the Caribbean Sea by the trade winds in the Saharan Air 

Layer (SAL). The vertical structure of this dust-laden SAL has been documented from the central 

Sahara (Cuesta et al., 2009) to the Atlantic coast, where the maximum summer aerosol optical 

depth (AOD) is associated with a maximum in the SAL elevation (up to 6 km) (Léon et al., 2009). 

The systematic formation of nocturnal gusts, evidenced locally by several lidar observations 

(Haywood et al., 2008) and from satellite (MODIS Deep Blue; SEVIRI/MSG; GIOVANNI) is one 

of the possible processes leading to increased dust content in the lower Saharan boundary layer. 

During this same wet season, ‘density currents’ linked to convective clouds are responsible for 

additional dust emissions in the Sahara (Marsham et al., 2008). It has also been shown that the 

dynamics of the Inter-Tropical frontal (ITF) disturbance cause significant dust vertical transport 
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from the boundary layer aloft, both for the dust in the wet season (Bou Karam et al., 2008) and for 

the biomass particles in the dry season (Pelon et al., 2008). 

Biomass-burning aerosol events, mainly driven by deforestation and agricultural practices (Echalar 

et al. 1998; Reddington et al. 2015), prevail in the Amazon Basin (Setzer and Pereira, 1991) 

during the dry season, typically between July and October (Gan et al. 2004), injecting large 

amounts of aerosols into the atmosphere. Long-range transport of biomass-burning aerosols from 

southern Africa further increases aerosol loadings during this period (Holanda et al. 2020). 

Biomass burning as the main source of fine particles can influence weather and climate through 

complex feedbacks with radiation and clouds on regional and global scales (Ramanathan et al. 

2001; Kaufman and Koren 2006; Rosenfeld et al. 2008; Shrivastava et al. 2017; Ditas et al. 2018). 

Aerosols emitted from biomass burning contain black carbon (BC) and brown carbon, which 

enable them to scatter and absorb solar radiation directly, the so-called “direct radiative effect” 

(Charlson et al. 1992; Ackerman et al. 2000). Biomass burning aerosol makes up a majority of 

primary combustion aerosol emissions (Bond et al. 2013; Andreae 2019), with the main sources of 

global BB mass being Africa (~52%), South America (~15%), Equatorial Asia (~10%), Boreal 

forests (~9%), and Australia (~7%) (van der Werf et al. 2010). The composition, size, and mixing 

state of BB aerosols determine the optical properties of smoke plumes in the atmosphere, which in 

turn is a major factor in dictating how they perturb the energy balance in the earth system. 

Dust emission and source activation are generally associated with strong surface winds like the 

Harmattan, the dry northeasterly winds that dominate over most of the Sahara and Sahel during the 

northern hemispheric dry season (December to March). Engelstaedter and Washington (2007) 

noted that the annual cycle of the activity of the dust sources in western Africa is controlled by dry 

convection which comes along with an increase in the occurrence of small–scale high–wind 
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events. Furthermore, dust is often mobilized in the morning hours, when the nocturnal low–level 

jet breaks down with the beginning evolution of the planetary boundary layer and momentum is 

mixed to the surface (Knippertz 2008, Schepanski et al. 2009). Other likely meteorological effects 

that cause the strong winds necessary to trigger dust mobilization are squall lines and density 

currents which are associated with moist convection (Knippertz 2008, Knippertz et al. 2009, 

Schepanski et al. 2007, 2009). 

2.1.7 AEROSOL OPTICAL PROPERTIES AND RADIATIVE IMPACT 

The single scattering albedo (SSA), i.e. the ratio of scattering to total light extinction (absorption 

plus scattering) is a critical parameter to determine the sign of the aerosol forcing. Single 

Scattering Albedo and local direct radiative forcing were estimated at several locations in West 

Africa with different aerosol conditions. 

The year 2006 dry season in Niamey experienced the mineral dust surface layer and the upper 

biomass burning aerosol layer contributing almost equally to a daytime solar direct radiative effect 

at the surface, ΔFSURF, estimated at −56 W m−2 (Haywood et al., 2008; Milton et al., 2008). During 

the same period, in Djougou, the daily average ΔFSURF was estimated to be −45 W m−2 (Mallet et 

al., 2008). The daily forcing efficiency at the surface (ΔFSURF/AOD) has been estimated as −31 W 

m−2 AOD−1 for heavy dust events and −62 W m−2 AOD−1 for mixtures of biomass burning and dust 

aerosol (Derimian et al., 2008). Independent estimates consistently show that mineral dust is 

mainly scattering radiation in the visible range. The SSA of the submicron dust has been estimated 

to be ∼0.99 ± 0.01 (at 0.55 µm) (Osborne et al., 2008), and ∼0.90 with the addition of the coarse 

mode (McConnell et al., 2008). The dust SSA is lower in the wet season than in the dry season, 

possibly due to sources with different mineralogies. This range of SSA is consistent with previous 

estimations from the literature derived from ground-based, aircraft, or satellite measurements in 
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this region. Likewise, FSURF is strongly influenced by the total AOD, while the radiative effect at 

the top of the atmosphere, FTOA, is mainly controlled by the relative proportions of dust and 

biomass burning aerosols and the surface reflectance (Raut and Chazette, 2008). But the dusty 

layer possibly enhances the absorption of the upper biomass burning layer. These results underline 

the large direct radiative effect of mineral dust and biomass burning layers and highlight the 

importance of aerosol layering on this forcing. The optical properties of biomass-burning aerosol 

exhibit a much higher variability, likely due to different ages, sources, and combustion 

characteristics. From airborne observations, the SSA of biomass burning aerosol over West Africa 

is 0.81 on average (Johnson et al., 2008), i.e. comparable to estimates in Brazilian fires but 

significantly more absorbing than in South African or boreal fires. Regions affected both by 

mineral dust and biomass burning particles display a large variability in the SSA (0.81–0.98 at 

0.52 µm, i.e. Mallet et al., 2008) depending on the relative contributions of each aerosol, the lower 

(higher) value representing higher contributions from biomass burning (mineral dust). 

Finally, the solar atmospheric forcing (i.e. the amount of energy absorbed by the atmospheric 

layer), ΔFATM, is higher for biomass-burning aerosols than for mineral dust. But a significant 

terrestrial ΔFATM is caused by the absorption and re-emission of terrestrial radiation by mineral 

dust (Mallet et al., 2009). 

2.1.8 AEROSOL PROCESSES IN COSMO-MUSCAT COUPLING MODEL 

For the description of the particle size distribution and aerosol dynamical processes, the modal 

aerosol model M7 (Vignati et al., 2004) is used. In this approach, the total particle population is 

aggregated from seven lognormal modes with different compositions. The modes represent a dry 

diameter size range and can be water-soluble or water-insoluble. The soluble particles are assumed 

to be in equilibrium with water vapor and other gas-phase precursors. Particle size distribution 
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changes owing to various mechanisms, which are divided into external processes like particle 

transport by internal processes like condensation and coagulation. Currently, only coagulation due 

to particle Brownian motion, which is the dominating coagulation mechanism for sub-micron 

particles, is considered in the M7 approach (Stier et al., 2005). The prognostic aerosol variables 

that are transported in COSMO-MUSCAT are the total number of aerosol particles as well as all 

primary and secondary species (organic and inorganic) within each mode. The original version, 

which considers the components sulfate, sea salt, dust, black and organic carbon, has been 

extended by nitrate and ammonium. The species within the four soluble modes are assumed to be 

internally mixed, which means, all particles of a mode have the same composition. The insoluble 

aerosols are represented by three modes: an Aitken mode of internally mixed black and organic 

carbon, and accumulation and coarse modes containing dust. The thermodynamic equilibrium 

model ISORROPIA (Nenes et al., 1998) is used to determine the particle/gas partitioning of semi-

volatile inorganic species. The model calculates the thermo-dynamical equilibrium of the system: 

sulfate-nitrate-ammonium-sodium-chloride-water at a given temperature and relative humidity. 

Especially for long-term simulations (e.g. annual runs), a more simplified mass-based particle 

model can be applied, which is computationally less expensive. The used approach is quite similar 

to that of the EMEP Eulerian model (Simpson et al., 2003). 

The resolution of the COSMO-MUSCAT is 14 km x 14 km. Though there are other models with 

higher resolution, several studies have examined the effects of higher grid resolution on the 

accuracy of meteorological model simulations (Salvador et al., 1999). In most cases, increasing 

resolution produces more realistic structures. But a higher resolution does not necessarily imply 

improvements in prediction skills (Mass et al., 2002). 
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Section 2.2: MESOSCALE CONVECTIVE SYSTEMS (MCSs) 

The western equatorial sector of Africa is, meteorologically speaking, one of the world's most 

interesting but also most poorly understood regions. Some of the world's highest rainfall totals are 

reported over Mt. Cameroon, at its western edge, where mean annual rainfall exceeds 10 meters. 

The coastal sector experiences inter-annual fluctuations in association with Atlantic warming that 

rival those produced by El Nino along the South American desert coast (Nicholson and Entekhabi, 

1987). This region also experiences the world's most intense thunderstorms and the highest 

frequency of lightning flashes (Zipser et al. 2006, Toracinta and Zipser 2001, Petersen and 

Rutledge 2001). 

The greatest proportion of the annual rainfall of West African countries is from convective 

systems. (Hamilton and Archbold, 1945) were the first to note the occurrence of the squall line and 

thunderstorm as a mesoscale disturbance. Adefolalu (1974) also showed the interaction of the 

moist southwest flow of the lower layer of the African atmosphere with the mid-tropospheric 

easterly wave that indicates the type, intensity, and horizontal coverage of the resulting 

thundershowers. While Nymphas et al., (2004) showed that the seasonal weather variation in West 

Africa can be classified into two: the wet season and the dry season. The south-westerlies supply 

about 90% of rainfall in West Africa via squall line activities. The peak rainfall period depends on 

the location – two peaks in the southern region (July and October), and one peak in the northern 

region (July/August). 

Even within the tropics, western equatorial Africa is a convective anomaly. The only regions with 

comparable storm intensity, the United States, Argentina, and parts of the Indian sub-continent, are 

in the mid-latitudes (Mohr and Zipser 1996a, b). Despite the intensity of storms, rainfall in the 

region is only moderate compared with equatorial regions of the Amazon and Indonesia (Petersen 
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and Rutledge 2001, Zipser et al., 2006). Western equatorial Africa is also the only tropical region 

with intense convection in all seasons. Storms are anomalously large, with the mean size of all 

precipitation features exceeding 500 km2 in some parts of the region (Nesbitt et al., 2006). The 

diurnal cycle of rainfall also differs from that of most other tropical and subtropical land areas; 

rainfall from mesoscale convective systems (MCSs) has a broad minimum during the afternoon 

and early evening hours and a maximum during the night and early morning (Nesbitt and Zipser, 

2003). 

2.2.1 THUNDERSTORMS 

Thunderstorms are a fundamental component of the nation’s climate, serving as a key element in 

the water cycle and the global atmospheric electric circuit. As a result, numerous in-depth studies 

have assessed the physical nature of thunderstorms, their predictions, and their climatology. 

Balogun (1984) studied the distribution of thunderstorms in Nigeria which showed that though 

both rainfall and thunderstorm distribution exhibit a double maximum over coastal areas, the first 

and primary peak in rainfall lags that of thunderstorms by about two months. However, the storm 

peak in October is preceded by a secondary rainfall maximum. The single maximum in each 

distribution for inland areas north of 8oN however correlates well with thunderstorm occurrence. 

But here again, no distinction was made between the various weather components to the rainfall 

and their separate contribution. It is rare to have high-intensity rainfall without thunderstorms in 

West Africa. 

Omotosho (1984) corroborated an earlier finding that over 70% or more of annual rainfall is 

associated with a moving belt of thunderstorms. The relative importance of line squalls, 

thunderstorms, and monsoon precipitation to the rainfall on both the monthly and annual time 

scales and the variation of each component of rainfall latitude have been studied. These studies 
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have shown that the mean line squall contributes the greatest proportion of the total precipitation. 

These propagating mesoscale systems are responsible for over 70% of the precipitation north of 

10oN. There is a double maximum in the line squall rainfall as far as 12oN but thunderstorm 

precipitation shows only one peak north of 8°N (Bello, 1989). 

Omotosho et al., (2000) used the anomalies of these parameters (θe and θes) to develop prediction 

methods for not only the onset but also the cessation as well as the annual total amount of rainfall 

for Nigeria and West African countries. It was also found that total thunderstorm rainfall decreases 

linearly with latitude whereas line squall precipitation shows a maximum of around 9°N and 

rainfall from the monsoon decreases exponentially with increasing latitude. Finally, the month-

month rainfall latitude relationship appears to be a reliable technique for forecasting the 

onset/cessation of rain for a particular location. The rate of decrease of total rainfall with latitude is 

twice as fast towards the end as against the onset of the rains. 

Thunderstorms and the phenomenon they produce e.g. lightning, tornadoes, hail, strong winds, and 

heavy rainfall; have received great attention because of the significant damage they produce. For 

example, thunderstorms during the 1949–1998 period caused $87 billion in damages to property in 

the United States; Changnon (2001a). Thunderstorms damages rank just behind floods and 

hurricanes as the nation‘s most damaging weather condition; Changnon (2001b). Surprisingly, 

very little attention has been given to the amount of precipitation produced by thunderstorms and 

to measuring the environmental impacts of precipitation. The benefits are likely to be very large 

but not well-defined. For example, thunderstorm rainfall contributes to all the annual run-off 

measured on small river basins in Arizona and New Mexico (Osborn and Reynolds, 1963), and 

represents 75% - 80% of the average growing season rainfall in Illinois; Changnon (1957). A 

thunderstorm is characterized by strong winds in the form of squalls, heavy precipitation, and low-
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level wind shear. The formation, intensification, and propagation of thunderstorms are mostly 

governed by the synoptic and thermodynamic conditions of the atmosphere; their microphysical 

and electrical characteristics are known to affect significantly the formation and the intensity of 

precipitation (Rycroft et al., 2007; Yair, 2008; Sanders, 2008). Various research programs such as 

the Thunderstorm Research International Programme (TRIP), the Down Under Doppler, and 

Electricity Experiment (DUNDEE). Rutledge et al., (1992), the Severe Thunderstorm 

Electrification and Precipitation Study (STEPS) Lang et al., (2004) have been launched involving 

both ground and airborne measurements to study the electrical properties of thunderstorms and 

related phenomena. Thunderstorms are the deepest convective clouds caused by buoyancy forces 

set up initially by the solar heating of the earth’s surface. Thunderstorm forms when moist, 

unstable air is lifted vertically into the atmosphere. Hence, the lifting of this air results in 

condensation and the release of latent heat. Numerous unorganized and frequent thunderstorms 

may be caused by any or combination of: 

Ø Strong diurnal heating results in a super-adiabatic lapse rate near the surface. 

Ø Orographically forced ascent, particularly during early and late monsoon season. 

Ø Dynamic lifting because of the presence of a frontal zone. 

Immediately after lifting begins, the rising parcel of warm moist air begins to cool because of 

adiabatic expansion. At a certain elevation, the dew point is reached resulting in condensation and 

the formation of a cumulus cloud. For the cumulus cloud to form into a thunderstorm, continued 

uplift must occur in an unstable atmosphere. With the vertical extension of the air parcel, the 

cumulus cloud grows into a cumulonimbus cloud. Cumulonimbus clouds can reach heights of 20 

km above the earth’s surface. Severe weather associated with some of these clouds includes hail, 

strong winds, thunder, lightning, intense rain, and tornadoes. 
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2.2.1.1  TYPES OF THUNDERSTORMS 

Generally, two types of thunderstorms are common: 

Ø Single-cell (or air mass) thunderstorms occur in the mid-latitudes in summer and at the 

equator all year long. 

Ø Multi-cell or thunderstorms associated with mid-latitude cyclone cold fronts or dry lines. 

Ø Super-cell. 

Although the natural environment does not fall into three distinct categories, we break them down 

to help illustrate significant differences. The differences arise because of varying atmospheric 

profiles, especially those concerned with vertical shear, defined as the change in wind velocity 

(speed or direction) with height, or dv/dz. 

The air mass thunderstorm is a common and usually non-severe phenomenon that forms away 

from frontal systems or other synoptic-scale disturbances. They form where moist and unstable 

conditions exist in the atmosphere. Air mass thunderstorms are usually produced in areas of very 

little vertical shear. As a result, the threat of severe thunderstorms is small. When they do reach 

severe limits, the thunderstorms may produce brief high winds or hail which develop because of 

high instability. These storms are known as pulse-severe storms. Although several storm cells can 

develop, each cell lasts about 30-60 minutes and has three stages. They include; 

1.) Convective/Cumulus Stage  

i. Starts with a warm plume of rising air.  

ii. The updraft velocity increases with height.  

iii. Entrainment pulls outside air into the cloud.  

iv. Super-cooled water droplets are carried far above freezing level.  
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Fig. 2.7: Schematic depiction of the development of a diurnal generated non-squall tropical 

     cloud cluster off the coast of Borneo at a convective stage. (Houze et al; 1981)  
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2.) Mature Stage  

i. The heaviest rains occur.  

ii. The downdraft is initiated by the frictional drag of the raindrops.  

iii. Evaporative cooling leads to negative buoyancy.  

iv. The top of the cloud approaches tropopause and forms an anvil top. 
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Fig. 2.8: Schematic depiction of the development of a diurnal generated non-squall tropical 
           cloud cluster off the coast of Borneo at a mature stage. (Houze et al; 1981) 
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3.) Dissipating Stage  

i. The downdraft takes over the entire cloud.  

ii. The storm deprives itself of super-saturated updraft air.  

iii. Precipitation decreases.  

iv. The cloud evaporates.  
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Fig. 2.9: Schematic depiction of the development of a diurnal generated non-squall tropical 
       cloud cluster off the coast of Borneo at a dissipating stage. (Houze et al; 1981) 
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As wind shear organizes the convection, new thunderstorms form as a result of parent 

thunderstorm outflows converging with warm, moist inflow creating new updrafts. Multi-cell 

storms can form in a line known as a squall line, where continuous updrafts form along the 

leading edge of the outflow, or gust front. Multi-cell clusters indicate new updrafts are forming 

where the low-level convergence is strongest, usually at the right, or right-rear flank of existing 

cells.  

Thunderstorms that organize in response to synoptic-scale forcing usually need:  

i. Warm, moist air at a low level. 

ii.  Cool, dry air at upper levels. 

iii. Upper-level divergence (above 500 mb).  

iv. A synoptic-scale disturbance  

In these conditions, thunderstorm formation is probable. Synoptic scale vertical motions tend to 

create favorable conditions for thunderstorms, but thunderstorm initiation is usually a result of 

mesoscale forcing. Increasingly favorable vertical wind profiles may lead to a greater possibility of 

super-cell development rather than multi-cell storms. The development of squall lines, or more 

commonly storm clusters, when thunderstorms do develop is virtually guaranteed in association 

with strong linear synoptic-scale forcing. 

2.2.2    SQUALL LINES. 

According to Balogun (1974), a squall line was defined as a line of disturbed weather about 300-

1000km long oriented roughly North-South, moves from east to west with a speed between 15-

20ms-1. While Omotosho et al., (2000) defined the Squall line as a bound of a very active 
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convective cloud about 50km wide (eastwards direction) and 100km long (northwards direction), 

moving from east to west at a speed of 12.5ms-1 Ξ 25knots. 
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        Fig. 2.10: The structure of a well-formed squall line (Houze, 1989). 
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Large ice clouds spread by winds aloft dominate the view of earth from space. These cirri-form 

cloud tops emanate from cyclones, both tropical and extra-tropical and large convective storms. 

Mesoscale Convective Systems (MCSs) are the largest of the convective storms. They form when 

clouds occurring in response to convective instability amalgamate and organize upscale into a 

single cloud system with a very large upper cirri-form cloud structure and rainfall covering large 

contiguous rain areas. They account for a large proportion of precipitation in both the tropics and 

warmer mid-latitudes. Long-lasting, slow-moving MCSs are a major cause of flooding, and these 

systems often contain hail, strong winds, and even tornadoes. MCSs over the ocean sometimes 

evolve into tropical cyclones. In producing all these effects, MCSs take on a variety of forms. A 

broad descriptive definition of MCSs that includes most, if not all, of its forms is a cumulonimbus 

cloud system that produces a contiguous precipitation area of ~100 km or more in at least one 

direction. Houze (1993) suggested a similar definition and further noted that the dynamics of 

MCSs are often more complex than those of individual cumulonimbus clouds or lines of 

cumulonimbus. And Maddox (1980) further defined Mesoscale convective complex [MCC], which 

is a special case of MCSs as long-lasting, quasi-circular, extremely cold-topped MCSs. 

MCSs are an important link between atmospheric convection and large-scale atmospheric 

circulation. For example, they are associated in various ways with larger-scale wave motions (e.g., 

Payne and McGarry, 1977; Hodges and Thorncroft, 1997; Houze et al., 2000; Carbone et al., 

2002), and some of the largest MCSs occur over the Pacific Ocean warm pool as a fundamental 

ingredient of intra-seasonal and inter-annual climate variations (Nakazawa, 1988; Chen et al., 

1996) 
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2.2.3 ATMOSPHERIC CONDITIONS FAVOURABLE TO THE FORMATION OF 

MESOSCALE CONVECTIVE SYSTEMS/ TRIGGER MECHANISMS 

West Africa Mesoscale Convective Systems are the combination of complex interactions between 

different weather features as shown in (Fig.2.11) and these are all features in which the West 

African Mesoscale systems form;  

i.) Subtropical High-pressure Systems. 

ii.)  The Subtropical Easterly jet. 

iii.) Inter-tropical Discontinuity [ITD].  

iv.) The Mid Tropical jet. 

v.) The Monsoon Trough [MT].  

vi.) Northeast and Southwest Trades 

vii.)        Boundary-Layer 
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Fig. 2.11: Coupling of weather features in a mesoscale environment (Adapted from Bounoua, 1980). 
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Granted that, there is evidence of some relationships between rainfall and each of these features 

stated above, it must be realized that the implication is that they somehow reveal the fundamental 

structure of the basic flow. After all, they do not exist or evolve in a vacuum. All these thus pave 

the way for an in-depth investigation of the basic flow and Adefolalu (1974) documented a third – 

and perhaps the most important – synoptic-scale aspect of the monsoon circulation. The 4-6 day 

oscillation of its monsoon trough (MT) in West Africa (MT is a nomenclature for the air mass 

confluence in the lower troposphere other than at the surface where the surface discontinuity is the 

ITD) is not restricted to West Africa. 

Fortune (1977) also noted that although the settings of the West Africa mesoscale systems are very 

different from what was obtained in the temperate region, most of the atmospheric conditions 

found favorable for deep convective systems in the temperate region are also found within the 

settings of the West Africa systems. Other features which have been considered for typical West 

African conditions favorable for the formation of Mesoscale systems include: 

a.) AEJ and TEJ; 

b.) ITD, ITCZ, and Monsoon Trough; 

c.) Orography – forced ascent; 

d.) Conditional Instability of the Second Kind (CISK); 

e.) Asymptotes of convergence; 

f.) Barotropic and Baroclinic Instabilities; 

g.) Short gravity waves (Barefores, 1964) 

Deep convective systems and storms over West Africa are consequences of one or a combination 

of the following: 
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1.) Differential surface heating: Convection is essentially an isolation phenomenon. 

2.) Destabilization due to upper-level or cloud-top radiative cooling leads to convective 

overturning (Omotosho, 1981). 

3.) The availability of abundant moisture supply at low levels, with a relatively drier middle 

troposphere. 

4.) The inherent conditional or convective instability is present in the basic flow up to 800mb 

(which is true for the entire tropical atmosphere). 

5.) The presence of the so-called African Easterly Jet (AEJ), and the associated vertical wind 

shear (Moncrieff & Miller (1976), Omotosho (1987)). 

However, despite all the above, the instability has to be released, thus; 

Ø A release mechanism for (4) above in the form of low-level convergence is associated with 

vortices and asymptotes of convergence (Okulaja (1970), Obasi (1974)). 

Ø Another release mechanism is the Richardson number which indicates the role of boundary 

layer energy in storm development Omotosho (1987). 

2.2.3.1 AEJ, TEJ, AND MESOSCALE CONVECTIVE SYSTEMS 

The TEJ is part of the Indian summer monsoon system and it extends from India over Africa in the 

Northern Hemisphere summer months, generally at a height of around 12-15 km. The west-east 

axis of the TEJ is located between 4-10oN. On the southern side of the axis, conditions are 

conducive to the ascent of air and consequently rainfall occurrence whilst the northern side is 

marked by subsidence. The TEJ, therefore, reinforces aridity over the extreme northern part of the 

country but causes a belt of above-average rainfall in the central part. 

Omotosho (1987) mapped the vertical wind shear, the depth of the moist layers, and the zone of 

the Africa Easterly Jet to investigate the causes of the initiation and development of the deep 
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convective system (fig. 2.12). They found that scattered thunderstorms occur over the area with 

mostly positive boundary layer shear (both u and v components), a moist layer of one-kilometer 

depth, and distinct AEJ. But the lack of availability of either radiosonde or pilot balloon data over 

Nigeria has rendered the use of this method impossible. 
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        Fig. 2.12: Wind component profile for West Africa (Adapted from Omotosho 1987). 
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Adefolalu (1983) had shown that scale interaction exists between the three aspects of global 

monsoon manifested in the variable nature of the patterns of precipitation in West Africa. Among 

these main circulation features are the two currents – the Tropical Easterly Jet (TEJ) in the upper 

troposphere and the African easterly jet (AEJ) in the mid-troposphere, which are found in the 

easterly flow overlying the monsoon circulation. While Omotosho (1990) further demonstrated the 

following – the onset of the rainy season is determined by the early or late occurrence of these 

storms. In other words, how early the prescribed shear limit is met and the amount of seasonal 

rainfall to be expected depends on the time and strength of moisture build-up within the boundary 

layer and the relative dryness of the 700-600mb layer where the AEJ is embedded. 

AEJ and TEJ play major roles in the differences between the wet and dry composite. The TEJ 

reaches its maximum intensity in July and August in both composites and the location of its core, 

which is generally at 5o–8oN from June to September, is relatively stable. The jet is markedly 

stronger in the wet composite, with core speeds exceeding 20 ms-1 from June through September, 

compared to 8–16 ms-1 in the dry composite. In contrast to the TEJ, the AEJ is generally weaker 

and situated farther north during the wet years. Monthly mean core speeds generally reach 10ms-1 

during the wet years but 12ms-1 in the dry years. The core is slightly lower in the dry years, lying 

near 600mb, compared to about 500mb during the wet years. During the dry year composite, the 

jet core migrates from about 7oN in June to 12oN in August and September. 
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Fig. 2.13: Vertical-time distribution of the zonal component of the wind over Niamey (Adapted from 
           Bounoua, 1980) 
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During the wet year composite, it migrates from 13oN in June to 17oN in August, retreating to 

15oN in September. In August and September, a second mid-tropospheric jet core is also apparent 

in the Southern Hemisphere at roughly 5o–10oS in the dry composite. Its core lies near 5oS in 

August and speeds are about 6 ms-1. In September its core lies near 7oS and speeds exceed 10ms-1. 

In the wet composite, this second jet is apparent in June and September and it is roughly 4o farther 

north than in the dry composite. In June its core lies near the equator and is quite weak, but in 

September, when the core is near 6oS, speeds are more than 8ms-1. 
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   Fig. 2.14: Composite of 96 squall line trajectories and jet axes in summer of 1974 (Bounoua, 1980) 
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The above diagram shows the relative position of the region of MCSs/squall lines to the AEJ and 

TEJ. It also indicates that MCSs are highly dependent on the two jets, particularly AEJ because it 

is a more crucial and strong factor for MCSs’ development, sustenance, and movement over West 

Africa. Bounoua (1980) stated that all convective activities resulting in precipitation during the 

summer monsoon are restricted to the areas bounded by the TEJ to the north and AEJ to the south 

over West Africa (fig. 2.14), and also showed the contribution of the two jets by stating that a 

normal rainy season corresponds to an early but weak AEJ and a strong TEJ, while the absence of 

rain during the season is as a result of strong but late AEJ and a weak TEJ. Jet strength, associated 

vertical wind shear, and level of available moisture essentially determine the occurrence, size, 

intensity, and rainfall delivery effectiveness of MCSs. 

2.2.3.2 ITD, ITCZ, AND MESOSCALE CONVECTIVE SYSTEM 

From Adefolalu (1984), the transition zone between southerlies and northerlies (the monsoon) is 

known as the inter-tropical Discontinuity (ITD) and is defined as the surface position of the 

northern limits of the southwest monsoon. Rainfall occurrence and distributions are however 

dependent on the two air masses that prevail over the country. 

The differences in the percentage contribution of the mesoscale weather systems to total 

precipitation in a different part of the country largely depend on the latitudinal position of each 

station and most importantly, the position of Inter-Tropical Discontinuity (ITD). 



 

62 

 

 

 

 

 

 
Fig. 2.15: Map of the mean position of ITCZ over Africa in January and August (Based on  

    Goudie, 1996; and Rasmusson, 1988). 
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This relationship between the position of the ITD and rainfall was apparent in the findings of 

Ilesanmi (1968 & 1969) which showed rainfall increased at Nigerian stations coinciding with a 

persistent northerly location of the ITD relative to the stations and a decrease of rainfall with a 

rapid southward movement of the discontinuity.  While also suggests that the area of maximum 

rainfall lies 500-600 miles south of the discontinuity at which point the dry northern air is 

considerably above the surface.  
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Fig. 2.16: Schematic longitude cross-section representation of the ITD showing zones of weather types 

  relative to the surface ITD and predominant cloud types for each zone (Dhonneur, 1970). 
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2.2.4 CLASSIFICATION OF MESOSCALE CONVECTIVE SYSTEMS 

Mesoscale Convective System (MCS) is the general name for the forms of cumuli-formed and 

well-developed cloud or cloud clusters. Their classification was before now, made over the ocean 

based on their speed and divided into three classes (Barnes and Sieckman 1984) using rawinsonde 

data from the GATE experiment, and deep convections were classified into: the fast-moving MCSs 

named squall line, and the slow-moving MCSs, which was also called MCSs. Although there have 

been many detailed observational case studies about the structure of intense, mature squall lines in 

the mid-latitude and tropics (e.g. Newton, 1950; Sanders and Emanuel, 1977; Houze, 1977; Zipser, 

1977; Ogura and Liou, 1980; Elmore, 1982; Kessinger, 1983), there has been no systematic 

investigation of how the “building blocks” that form the mature squall line system initially become 

organized into a line. 

Over the Sahel, where atmosphere and surface conditions facilitate the maintenance of organized 

big systems, Mathon et al., (2002) have found that only 12% of the MCS explain 78% of the 

nebulosity (at the temperature of 233K) and 83% of the rainfalls. Those systems are the largest and 

last the longest. They are prevalent from June to September. Their cloud cover is modified by their 

size, which is emphasized in August. They propagate quickly (faster than 10m/s) towards the west. 

In a more general way, classifications of different forms of MCSs have been done by so many 

authors and these include: 

a.) Mesoscale Convective Complexes of circular type (MCC were first defined by Maddox 

(1980); 

b.) Squall lines are linear type (Lafore and Moncrieff, 1989); 

c.) Super-clusters of (Mapes and Houze, 1993) which last for more than two days; and 
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d.) Organized Complex Systems (OCSs) (Mathon and Laurent, 2001) give more precipitations 

over the Sahelian band. 

2.2.4.1 CLASSIFICATION BASED ON MCSs COLD-CLOUD SHIELD CHARACTERISTICS 

It’s easiest to identify and subsequently classify MCSs by their cold cloud shield characteristics 

(i.e. size, shape, and duration). An objective non-overlapping MCS classification scheme based on 

an infrared (IR) satellite might be useful in this type of classification (Jirak et al., 2003). They are; 

a.) MCC (from Maddox 1980). 

b.) Persistent Elongated Convective System (PECS), with eccentricity < 0.7 (from Anderson 

and Arritt, 1998). 

c.) Meso-β Circular Convective System (MβCCS): with cold cloud shield, area of 30,000km2, 

and life cycle > 3hrs. 

d.) Meso-β Elongated Convective System (MβECS): with cold cloud shield, area of 

30,000km2, and life cycle < 0.7 

2.2.4.2 CLASSIFICATION BASED ON MCSs ORGANIZATION 

This type of classification has been done subjectively based on the radar characteristics of MCSs. 

The two common approaches of classification arrived at based on the systems are; 

i.) Organization. 

ii.) Development. 

These approaches have focused on squall lines but only about half of MCSs have organized 

convective lines Jirak (2002). 

With the classification based on ‘Organization’, Houze et al. (1990) identified the leading-line 

trailing stratiform (TS) structure as the most common organization of mature MCSs. And (Parker 
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and Johnson, 2000) also recognized leading stratiform (LS) and parallel stratiform (PS) as 

common arrangements. 

2.2.4.3 CLASSIFICATION BASED ON MCSs DEVELOPMENT 

(Bluestein and Jain, 1985) identified common patterns of severe squall line formation 

 

 

 
 Fig. 2.17: Classification of squall line development [Bluestein and Jain (1985)] 
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Expanding on the above scheme (i.e. development of squall line), Jirak et al., (2003) classifies all 

MCSs by their development and thus produce the structure below. 

2.2.5 MECHANISM FOR MAINTENANCE, PROPAGATION, AND TRANSLATION OF 
MESOSCALE CONVECTIVE SYSTEMS 

One of the most exciting discoveries in meso-meteorology is that some mesoscale convective 

systems (MCSs) develop a warm-core vortical circulation within their stratiform region (Houze 

1977; Ogura and Liou 1980; Smull and Houze 1985; Leary and Rappaport 1987). Hereafter, 

these weather systems are referred to as rotating MCSs. These rotating cloud systems can 

become inertially stable and sometimes persist for several days until their vorticity is absorbed 

by the larger-scale flow (Johnston 1981; Wetzel et al. 1983; Kuo et al. 1986; Menard et al., 

1986). 

Attempting to find answers to numerous questions concerning the possible identification of the 

mechanisms responsible for the propagation and persistence of MCSs, Chancellor (1946) 

asserted that winds between 2000m and 4000m give the best indication of the movement of the 

squall lines which travels westward over West Africa. Meanwhile, Balogun (1974) through the 

analysis of several upper-level charts showed that the West African squall line often moves 

faster than the winds at any level. In some cases, the inertially stable vortices appear to be 

responsible for multiple MCS development; Johnston (1981), and in the appropriate larger-scale 

environment, are observed to be a precursor to tropical cyclogenesis (Velasco and Fritsch 

1987). There is increasing observational evidence that the rotating MCSs, termed by Maddox 

(1980) the mesoscale convective complex (MCC) (Johnston 1981; Johnson 1986; Velasco and 

Fritsch 1987). But LeRoux (1976) hypothesized that the AEJ at 700mb propel the squall lines. 

Barefors (1964) suggested that the system propagates as gravity waves; Okulaja (1970) also 
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concluded that the 700mb trough acted as a conveyor belt that carried the squall line system 

westward. Adefolalu (1974), Obasi (1974), and Fasheun (1979) also identified the system with 

the motion of trains of vortices that move from east to west over West Africa. Omotosho (1983) 

also concluded that the downdraft that originates from AEJ at 700 mb (Low θe– Very dry & 

cold) blows towards the cloud which produces precipitation. The precipitation resulted in drag 

with the horizontal air and leads to friction which converts the air to vertical movement. This 

dry air evaporates some of the precipitation and becomes cold and thereby falling to the surface 

at a very high speed. On getting to the surface, the cold air spreads at the surface thereby 

making the warm air lift from the surface as shown in (Fig. 2.18). The ascent air which is warm 

and moist (High θe) replenishes the cloud and produces latent heat, thereby maintaining the 

convective activities, especially in West Africa e.g squall line. This is regarded as the 

propagation and maintenance of the squall line. 
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Fig. 2.18: The AEJ and θe  interaction with storm updraft/downdraft to thunderstorm/squall line sustenance 

     (Adapted from Omotosho 1983) 
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Also, when the TEJ is very strong and AEJ is weak, then a thunderstorm is expected. This agrees 

with the observation of Dhonneur (1971) that a rupture of the AEJ is a required condition for CB – 

cluster development. Once the clusters have developed, the AEJ will re-establish and the shear 

between AEJ and TEJ decreases. And when the gust front moves too far from the parent CB cloud, 

it will be cut off. The warm air that is been supplied into the parent cloud, therefore, moves up to 

form another cloud. The parent cloud decays (dies) thereby leaving the newly growing cloud to 

continue; this phenomenon is regarded as Translation. 

Although, several possible cooperative mechanisms may be involved in the discrete initiation of 

convection; First, (Mapes and Houze, 1995) pointed out that latent heating by a storm can excite a 

low-frequency gravity wave environmental response which can accomplish lower tropospheric 

lifting away from any cold pool. In numerical studies of organized mid-latitude storms, Fovell 

(2002) found this response to make the storm’s near-field inflow environment more convectively 

favorable, and its role in discrete propagation of a nocturnal squall line was discussed by Fovell et 

al., (2006). Second, Tompkins (2001) showed that moist, high CAPE bands of boundary layer air 

form at the cold pool boundary of a precipitating storm and remain after the pool decays. 

Convection can be re-triggered from this air after surface fluxes remove the convective inhibition 

(CIN), a process that takes time. Third, cold pools present obstacles to the flow and can cause 

convergent ascent in their wakes, away from the cold pool itself. The Tompkins mechanism 

implies air in newly developed convection may be directly traceable to older storms but, due to the 

time needed for CIN removal, the new cloud will not necessarily appear near already established 

ones. 
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2.3 COSMO-MUSCAT: AN OVERVIEW 

The forecast model COSMO is based on the primitive hydro-thermo-dynamical equations 

describing compressible non-hydrostatic flow in a moist atmosphere (Steppeler et al., 2003; 

Schättler et al., 2009). It uses a staggered Arakawa C-grid on a rotated geographical coordinate 

system and a hybrid terrain-following vertical coordinate. The model includes the dynamic kernel 

for the atmosphere as well as the necessary parameterization schemes for various meteorological 

processes, boundary conditions, and surface exchange relations.  

COSMO can describe the atmospheric flow and phenomena between the meso- and micro-scale 

(i.e. grid resolutions from 50 km to 50 km), in particular near-surface properties, convection, 

clouds, precipitation, and orographic and thermal wind systems. The model is capable of self-

nesting and four-dimensional data assimilation.  

COSMO offers the possibility to use different meteorological parameterizations’ independence on 

the spatial model resolution. 

2.3.1 The online-coupled Chemistry-Transport model MUSCAT 

In MUSCAT, different horizontal resolutions can be used for individual sub-domains in the multi-

block approach (Wolke et al., 2004). The structure originates from dividing an equidistant 

horizontal grid (usually the meteorological grid) into rectangular blocks of different sizes. 

Employing doubling or halving the refinement level, each block can be coarsened or refined 

separately. This technique allows finer resolutions in selected regions of interest (e.g. urban areas 

or around large point sources).  

An implicit-explicit (IMEX) time integration scheme was implemented (Wolke and Knoth, 2000) 

to efficiently combine the slow process of horizontal advection and the fast processes of vertical 

exchange and chemical transformations. Whereas the slow processes are integrated by explicit 
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Runge-Kutta methods any suitable solver can be applied to the fast processes. A change of the 

solution values as in conventional operator splitting is avoided in this approach. Within the implicit 

integration in the chemistry transport code MUSCAT, the stiff chemistry, and all vertical transport 

processes are integrated in a coupled manner by the second-order BDF (Backward Differential 

Formula) method. The size of the “large” explicit time step depends on the CFL (Courant 

Friedrichs Lewy) number. 

COSMO and MUSCAT work widely independently on different grid structures and have their time 

step control. The coupling procedure is adapted to the applied IMEX schemes in the chemistry-

transport code (Lieber and Wolke, 2008). Coupling between meteorology and chemistry-transport 

takes place at each horizontal advection time step only. All meteorological fields are given 

concerning the uniform horizontal meteorological grid. 

They have to be averaged or interpolated from the base grid into the block-structured chemistry-

transport grid with different resolutions. The coupling scheme provides time-interpolated 

meteorological fields (vertical exchange coefficient, temperature, humidity, density) and time-

averaged mass fluxes. Since COSMO solves a compressible version of the model equations, with 

pressure as a prognostic variable, mass conservation is not ensured. Therefore, an additional 

adjustment is necessary for the coupler routine. The velocity components are projected such that a 

discrete version of the continuity equation is satisfied. The coupling scheme allows not only the 

forcing of the chemistry-transport calculations by the meteorological model. Furthermore, the 

feedback of changes in the atmospheric composition on the radiative fluxes and, consequently, on 

the dynamics in the meteorological model can be realized (Heinold et al., 2011). 
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CHAPTER THREE 

3.0 METHODOLOGY 

This chapter discusses the research methodology which is divided into data, study area, and the 

methods of analysis. The data were obtained from different sources and different periods. While 

one part of the data was obtained from a satellite source, the others were obtained as the initial data 

for running the model. 

3.1 DATA 

To determine the variation of convective precipitation and some selected aerosol over West Africa 

for this research work, some selected meteorological and chemistry data were gotten from NASA 

Earthdata Giovanni source. The selected aerosols were dust, carbonaceous, PM2.5, and biomass 

burning; while the convective precipitation types were extracted from the (TRMM 3B42 and 

3B43) source. The details supplied by the data source were employed in distinguishing between 

carbonaceous and biomass-burning aerosol. Both the aerosol (concentration) and meteorological 

data are on a grid point of 0.625o by 0.625o. These data cover a period of 30 years from 1988 to 

2017, for ten (10) stations namely: Abidjan, Accra, Agoufou, Banizoumbou, Dakar, Freetown, 

Ikeja, Kano, Ouagadougou, and Praia. Because the COSMO-MUSCAT coupling model has not 

been used over West Africa before now, this influences the choice of some selected episodes of 

aerosols (dust and/or smoke) and heavy precipitations (thunderstorms and squall lines), to validate 

the output with results from other sources. The selected episodes are: 

1.) Dust and smoke episode of December 24 -27, 2015 over West Africa. The dust layer 

extended from the ground up to 2000m while the smoke layer occurred from the 2000m 

– 4000m range. 
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2.) Dust pollution outbreak of March 20 – 29, 2010 over West Africa and spread up to the 

coastal cities of Lagos and southwestern Nigeria. 

3.) Convective activities of 30th August – 2nd September 2009 over Ouagadougou and other 

West African countries. 

3.2 THE STUDY AREA 

The research study was majorly over West Africa, though some parts of the Central and North 

African countries were considered due to the possibility of observing the propagation/transport of 

aerosols from those regions into West Africa. The area is bounded in the south by the Gulf of 

Guinea, mount Cameroun or Adamawa highlands to the east, the Atlantic Ocean to the western 

boundary, and in the north by the Sahara and the Sahel, a belt-like semiarid transition zone 

between the Sahara Desert and the Sudanian Savannah. The area cover is 5,112,903 km2 

(1,974,103 sq. mi), which is about one-fifth of the total land mass of Africa, while the population 

is about 419 million people as of 2021 (United Nations, 2022) and is about 5 % of the world’s 

population. The domain of study was latitude 4oN – 30oN and longitude 15oE – 25oW. West 

African ecological zones are divided into Guinea, Savannah, and Sahel (Abiodun and Omotosho, 

2007). The selected stations considered for this research under the region are presented in figure 

3.2 below.  
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 Figure 3.1: Map of West Africa showing the study locations 
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The distribution of these selected stations was done in a way to ensure that all the zones as defined 

by Abiodun and Omotosho (2007) were captured. The criteria for choosing these stations were to 

have a good representative of all climatic zones of the West African region. The coordinates and 

climatic characteristics of the selected stations were defined in table 3.1 below.  

Table 3.1: Selected stations under research study, their coordinates, and climatic characteristics 

Stations Latitude Longitude Climatic Characteristics 

Abidjan 5o 201 N 4o 101 W Rainfall with double peaks; Average temperature is 
between 27.78oC – 31.67oC; Relative Humidity over the 
course of the year stays within 4% of 96% throughout. 

Accra 5o 361 N 0o 121 W Despite its closeness to the coast, it is hot and oppressive 
year-round; Temperature typically varies between 
23.33oC – 32.78oC; the Rainy period lasts for 9.8 months 
and double peaks. 

Agoufou 15o 091 N 0o 401 E The climate is a hotbed. The average temperature is 28oC 
(the warmest month is May at 32oC, and the coldest is 
January at 22oC). The average rainfall is 488mm. Thus, 
exhibiting the characteristics of the Sahelian region. 

Banizoumbou 13o 341 N 2o 091 E It is remarkably hot throughout the year. Average 
monthly high temperatures reach 38oC in four months out 
of the year. Annual rainfall is expected between 500mm 
and 750mm. 

Dakar 14o 431 N 17o 281 W The climate is generally warm. The rainy season lasts 
from July to October, while the dry seasons cover 8 
months. It has an ocean-influenced hot semi-arid region. 
It is cooled year-round because of the sea breezes. 

Freetown 8o 291 N 13o 141 W It is a tropical climate with a rainy season from May 
through November. The average temperature is 28oC 

Ikeja 6o 361 N 3o 201 E It is a tropical savannah climate. Mean high temperatures 
ranged from 28.3oC to 39oC. Rainfall is bi-modal with 
the month of July/August recording the Little Dry 
Season. 

Kano 12o 001 N 8o 311 E It has a tropical savannah climate. Annual precipitation is 
about 980mm. Kano is very hot for most of the year, 
peaking in April. The Harmattan months of DJF record 
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less temperature, averaging between 14oC and 16oC, 
especially in the morning hours. 

Ouagadougou 12o 211 N 1o 321 W It is hot semi-arid and closely borders tropical wet and 
dry. Annual rainfall is 800mm. Temperature is as high as 
43oC in March/April, with the least in Oct-Feb at 16oC 

Praia 14o 551 N 23o 301 W Despite being an island, it has a desert climate, with a 
short-wet season and a lengthy, very pronounced dry 
season. Annual rainfall is about 210mm. The coldest 
month is far above 18oC while the highest is 27oC. 

 

3.3 METHODS 

The methods of analysis for this research study are divided into the statistical approach and the 

modeling approach. The outputs from these two methods were graphically analyzed using python 

and ferret. 

 
3.3.1 Statistical Approach 

The correlation between the aerosols and some of the selected climatic parameters was done to 

determine the relationship between the independent (aerosols) and dependent (climatic) variables. 

The validity of the relationship was tested using the probability value (p-value) at a significance 

level of 0.05. The introduction of p-value and significance level to the correlation outcome was to 

either reject the NULL hypothesis in favor of the alternate or vis-à-vis. The rejection of the null 

hypothesis is evident that the relationship between two correlated variables is statistically 

significant but when the NULL hypothesis is not rejected, the relationship between the two 

correlated variables is not statistically significant. 

The correlation and probability value from a significant level can be calculated using equations (i) 

and (ii) respectively as shown below; 
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r =   …………………………….. (i) 

t =           …………………………….. (ii) 

where; r = Correlation; x = independent variable; y = dependent variable; n-2 = degree of 
freedom. 
 
The probability value (p-value) can be derived from equation (ii) above. After deriving the value 

for t, the degree of freedom (n-2) and the number of tails were put together to give the value of p to 

be 0.05. This value aided in determining whether the relationship between two (2) variables was 

statistically significant or not depending on the value of the correlation. The climate Data Operator 

(CDO) was also employed to carry out several data manipulation and statistical computations 

directly from the NetCDF file. The various computations include monthly mean, annual mean, and 

the differences between feedback and non-feedback mechanisms from the model output. The 

COSMO-MUSCAT coupling model was used in the simulation of the selected episodes as detailed 

in section 3.1. 

 
3.3.2 Model Simulation Process 

The model is a coupling system that was used to analyze both the concentration and convective 

activities in the atmosphere. The COSMO is an acronym for Consortium for Small-scale 

Modelling, while MUSCAT stands for Multi-Scale Chemistry Transport. The model system 

COSMO-MUSCAT runs in a regime without data assimilation. The simulations are performed in a 

“forecast regime”. This means that the simulations are done only by forcing via the boundaries 

without any data assimilation and nudging. The integration period has been subdivided into 

overlapping short-term cycles (Fig. 3.1). Each of these cycles consists of a one-day pre-run for 
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spin-up of the meteorology, followed by two days with a coupled run of meteorology and 

chemistry transport. The COSMO pre-run of the domain was initialized and forced by operational 

global forecast and reanalysis data ICON (Icosahedral Non-hydrostatic) of the DWD (German 

Weather Service). It should be noted that these initialization data were further processed with 

int2lm. The global data sets (ICON) were made available with a horizontal resolution of up to 

0.05o (14km). To run a real case scenario of COSMO-MUSCAT, boundary files and initial files 

for COSMO are required. 
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Figure 3.2: The schematic flow chart of the cyclic COSM-MUSCAT simulations (Adapted from Wolke et 
al., 2012). 
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Once the data were at the TROPOS server, the data were then adapted and executed with the three 
(3) shell scripts named below in that given order:  

1.) scripts_at_TROPOS/link_invar_ec.sh; 

2.) scripts_at_TROPOS/run_ifs2cosmo_NO_0p125; and 

3.) scripts_at_TROPOS/link_24h_*_cycl.sh. 

The first script provides the external parameters for the second script. The second script sets up 

and executes the intl2m. The third script links the processed boundary files for the respective cycle 

set-up. Hence, for a 72-hour cycle (e.g., 24hrs COSMO pre-run and 48hrs COSMO-MUSCAT 

simulation), the driving data for COSMO for the three (3) days needed to be linked (or copied) into 

one directory per cycle. 

Sequel to the preparation of the model, some input and control files were modified as detailed 

below; 

1.)  INPUT_ORG: It contains the specification of the domain and the size of the grid. This 

specification is referred to as LMGRID, and the initial date of the model is set. The number 

of preferred processors is also set under this file. 

2.) INPUT_IO: This is the file where the initial and boundary data directory (input data) is 

named. 

3.) Job_data: It is the control file of Jobmanager (the Jobmanager is a file that contains the 

details of all the process that is involved in the model). It shows the kind of model to be 

used (COSMO or MUSCAT or the coupling system), boundary data, start and end dates, 

output interval (3D is usually employed, and this is why the first output is cm3d), CTM_out 

starting date was also modified and the project ID which must be included in the run_file 

amongst others. 
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4.) ‘Project ID’_HH.run: The run_file name was first changed to reflect the lettering used in 

the project ID as stated in the Job_data. The grid path was set, and the run_file at the gas 

phases (ctReGas I). It also contains lateral boundaries. It should be noted that when a 

particular data under the gas phase is not available, ‘without’ would be used for such data. 

5.) varList: The variable list is a file that contains all the selected concentrations (aerosols) and 

meteorological variables needed to be simulated in the model.  

It is important to note that the primary outputs of the model were only available in a binary 

format. But it was easily converted to NetCDF or the TROPOS’ cm3d format. This was done 

by using the tool manipuAlone and several other control files. The output of the model 

converted into cm3d format with the aid of manipuAlone was further converted to rotated 

coordinate and later to geographical coordinate using <cm3d_2netcdf.sh> and <unrot_grid.sh> 

respectively. 

 
3.4 The coupling model system COSMO–MUSCAT 

COSMO-MUSCAT is a modern mesoscale chemistry transport model for process studies and air 

quality applications (Wolke et al., 2012). The online-coupled system consists of the regional 

weather model COSMO (COnsortium for Small scale MOdelling) and the chemistry transport 

model MUSCAT (MUltiScale Chemistry Aerosol Transport). COSMO, which until 2020 was the 

operational forecast model of the German Weather Service (DWD), solves the atmospheric 

equations on the basis of a terrain-following grid (Schättler et al., 2018; Baldauf et al., 2011). 

Driven by the meteorological model, MUSCAT deals with atmospheric transport and chemical 

transformations for various gas-phase species and aerosol particle populations. Its core is based on 

mass balances, which are described by a system of time-dependent, three-dimensional advection-

diffusion-reaction equations. The online coupled chemical transport model COSMO–MUSCAT is 
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qualified for the operation forecast of pollutant and process studies in regional and local areas 

(Heinold et al., 2011; Renner and Wolke, 2010; Hinneburg et al., 2009; Stern et al., 2008).  

Unlike other works done using the two nested domains, the modeled study area for this research 

covers every part of West Africa and North Africa due to the consideration of the transport of 

aerosols from that region into the West African domain. The spatial grid resolution of 14 km X 14 

km. The simulation period was divided into several overlapping short periods, each of which 

included a 1-day spin-up followed by a 2-day run with meteorology and chemistry coupled. The 

main features of the model system are described in detail and well documented in Wolke et al., 

(2004, 2012) and Baldauf et al., (2011). Adequate modeling of dynamics requires an online 

coupling between the chemical transport model (MUSCAT) and the meteorological model 

(COSMO). Here, the compressible non-hydrostatic flow in a moist atmosphere is described by the 

primitive hydro thermo-dynamical equations (Steppeler et al., 2003; Doms et al., 2011a). The 

vertical diffusion is parameterized by a level 2.5 closure scheme, which adopts a prognostic 

equation for turbulent kinetic energy (Doms et al., 2011b). Moist convection is parameterized 

according to Tiedtke (1989). A two-stream formulation (Ritter and Geleyn, 1992) is applied for 

radiative transfer. Radiative fluxes could be modified by aerosol clouds and tracer gases via 

absorption, scattering, and emission. The reanalysis data of the German Weather Service (DWD) 

derived from the global meteorological model GME (Majewski et al., 2002) were used for initial 

and boundary conditions. 

MUSCAT describes the transport, chemical, and removal processes of atmospheric aerosols. The 

gaseous chemistry was represented by RACM-MIM2, which consists of 87 species and more than 

200 reactions (Karl et al., 2006; Stockwell et al., 1997). A simplified mass-based approach (similar 

to the EMEP model; Simpson et al., 2003) was used to represent the aerosol processes with high 
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efficiency. Dry deposition is modeled by using the resistance approach following Seinfeld and 

Pandis (2006) and considering the kinetic viscosity, the atmospheric turbulence state, and the 

gravitational settling of particles. The resistances for the aerodynamic and quasi-laminar layer are 

taken from COSMO and analogous to the deposition of water vapor. The parameterization of the 

wet deposition is dependent upon size-resolved collection efficiency and scavenging (Simpson et 

al., 2003). 

The modeled dust emissions depend on surface wind friction velocities, surface roughness, soil 

particle size distribution, and soil moisture (Heinold et al., 2011). Biogenic emissions depend on 

land use and meteorology in the approach of Steinbrecher et al., (2009) and the Saarikoski et al., 

(2007) scheme was applied to estimate biomass burning emissions. 

 

    Table 3.2: Chemistry emission of the model and the corresponding scheme. 

S/N Options Model 

1. Biogenic emission Stembrecher et al., 2009 scheme 

2. Dry deposition Seinfeld and Pandis, 2006 scheme 

3. Biomass burning emission Saarikoski et al., 2007 scheme 

4. Soil NO Williams et al., 1992; Stohl et al., 1996 schemes 

5. Dust emission Tegen et al., 2002 scheme. 

6. Anthropogenic emissions Crippa et al., 2018 EDGARv5 dataset 

7. Wind-induced aerosol emissions Heinold et al., 2011; Long et al., 2011 scheme 

8. Multiphase chemistry Stockwell et al., 1997; Schltz et al., 2018 

9. Aerosol dynamics Vignati et al., 2014. 

 



 

86 

 

The numerical aspect of the MUSCAT has a static horizontal grid staggering referred to as Multi-

block grid structure (Knoth and Wolke, 1998b; Wolke and Knoth, 2000). The meteorological 

model COSMO uses a rotated spherical grid with a hybrid vertical coordinate. To distribute the 

horizontal grid across all processors, it is broken down into rectangular partitions with as many 

grid cells as possible. The MUSCAT grid is based on that of the COSMO, but is placed in so-

called blocks, which can have different horizontal resolutions. 

The numerical aspect of the model makes use of some schemes which are; 

         Table 3.3: Chemistry emission of the model and the corresponding scheme 

S/N Options Model 

1. Time integration scheme Knoth and Wolke, (1998b); Wolke and 
Knoth, (2000, 2002). 

2. Online coupling meteorology-chemistry Lieber and Wolke, (2008). 

3. Parallelization and dynamic load 
balancing 

Karypis et al., (2003). 
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CHAPTER FOUR 

4.0 RESULTS AND DISCUSSION 

4.1 Introduction 

This section shows the results produced with some graphical tools and these graphs depend on the 

content of the specified objectives. Some of the results range from monthly linear variation to 

seasonal spatial variation. The analyzed simulated outputs also considered the impact of radiative 

feedback of aerosols on some meteorological variables such as temperature, relative humidity, 

vertical profiling of the wind components, cloud properties, etc., both at the surface and upper 

level. 

4.2 Monthly Variations of Aerosols over the selected Stations 

Biomass burning analyses showed that the areas along the coast of the Atlantic Ocean (Abidjan, 

Accra, Freetown, and Ikeja) followed the same trend in which there seems to be more abundance 

of the aerosol within the dry seasons and months preceding the rainy months of March to May 

depending on the longitudinal positions of the stations. Least values in biomass burning, which 

correspond to the low amount of aerosol in the atmosphere, were recorded between March and 

November for Accra, but May and November for Ikeja and Freetown. The peak value of biomass 

burning in Ikeja was between February and March, April in Freetown, and January in Accra. 

Could the climatic abnormality of Accra when compared to other West African coastal cities as 

detailed in several studies (Acheampong 1982; Amekudzi et al. 2015) and regarding its climatic 

classification (FAO 2005; Abass 2009; Darfour and Rosentrater, 2016) be the reason for its non-

alignment in trends with other stations of the same climatic region? Other aerosol types over Accra 
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seem to follow the same pattern, having their peak values in the dry months of 

December/January/February (DJF).  

4.2.1 Monthly Variations over Rainforest zone (Equator – 8oN) 

 

Figure 4.1: Monthly Aerosol (a) biomass burning, (b) carbonaceous, (c) dust, (d) PM2.5 
      Variability over Abidjan 

a 

c d 

b 
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Figure 4.2: Monthly Aerosol (a) biomass burning, (b) carbonaceous, (c) dust, (d) PM2.5 
       Variability over Accra 

a 

c d 

b 
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Figure 4.3: Monthly Aerosol (a) biomass burning, (b) carbonaceous, (c) dust, (d) PM2.5 
       Variability over Freetown 

a 

c d 

b 
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Figure 4.4: Monthly Aerosol (a) biomass burning, (b) carbonaceous, (c) dust, (d) PM2.5 
       Variability over Ikeja 

a 

c d 

b 
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As stated in the data and methodology section, the idea behind the selection of the stations across 

West Africa is to have a balanced representation across the major climatic zones; rainforest and 

savannah zones. Representatives of rainforest are Abidjan, Accra, Freetown, and Ikeja.  

Figures 4.1 – 4.4 show the monthly variations of the rainforest stations. It can be deduced that 

Accra (fig. 4.2) exhibited the almost same pattern of variation in dust and particulate matters, with 

the former recording the least value in August and the latter in September. However, the peak 

values for the aerosols were recorded in February/March for dust and January/February for 

particulate matter. Biomass and carbonaceous also exhibited the same pattern of variation and 

recorded peak values in January for the stations, but carbonaceous recorded a deviation from 

normal in value in April when compared to other rainy months. For Freetown (fig. 4.3), there 

existed an unexpectedly high value, more of a spike, in April for biomass burning and 

carbonaceous. The other months recorded negligible values, especially in the rainy season. The 

other two aerosol types (dust and PM2.5) for this station also exhibited the same pattern but with 

peak and least values in March and August respectively. It can be assumed that the continuous 

downward trend of the aerosol types from March to August can be attributed to what is known as 

coagulation. That is, precipitation attracts aerosol particles in the atmosphere. 

The biomass burning over Ikeja (fig. 4.4) exhibited an almost identical seasonal value to other 

stations within the rainforest region. That is, the dry season of February and March recorded the 

highest values while the rainy months of May to October recorded the least values. The dust and 

PM2.5 over this station showed identical patterns, and this conforms to the study of De Longueville 

et al., (2010) which showed that Saharan dust contributes up to 1100 Tg of particulate matter to the 

annual, thereby making it the most active among all source regions worldwide. The highest value 
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for dust was recorded in February/March while PM2.5 recorded its highest value in February. The 

month of JAS corresponds to the period of moisture-laden southwesterly monsoon wind being 

prevalent over the country (Oluleye and Okogbue 2013; Oluleye and Adeyewa 2016) as a result of 

the position of Inter-Tropical Discontinuity (ITD) in its northernmost position (Omotosho 2008). 

Carbonaceous exhibited an undefined pattern when compared with other aerosol types within this 

zone, especially with double peaks. The month of March recorded the highest value of the peaks 

while the other peak was recorded in October/November. It can be deduced from fig. 4.4 that the 

carbonaceous values were low during July and August, while January had the least value. 
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4.2.2 Monthly Variation over Savannah zone (8oN – 13oN) 

 

Figure 4.5: Monthly Aerosol (a) biomass burning, (b) carbonaceous, (c) dust, (d) PM2.5 
       Variability over Banizoumbou 

a 

c d 

b 
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Figure 4.6: Monthly Aerosol (a) biomass burning, (b) carbonaceous, (c) dust, (d) PM2.5 
      Variability over Kano 

 

a 

c d 

b 
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Figure 4.7: Monthly Aerosol (a) biomass burning, (b) carbonaceous, (c) dust, (d) PM2.5 
       Variability over Ouagadougou

a 

c d 

b 
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The biomass burning and carbonaceous recorded low values in the first six (6) months over 

Banizoumbou (fig. 4.5).  While Biomass picked up around September to record its highest value in 

November, carbonaceous increased from June and had its highest value in September. The dust 

and particulate matter showed almost identical figures, with the least values in August, and the 

highest values recorded in March. For Kano (fig. 4.6), biomass values were recorded in the pre-and 

post-monsoon months of JFMA and OND respectively; and these correspond with the pre-planting 

and harvesting periods as related to agricultural activities as agreed with the study of (Reddington 

et al., 2015). Carbonaceous was found to be low from January to May but started recording a 

rising trend to its highest value in September. The dust and particulate matter exhibited the same 

pattern of flow. High values were recorded between the dry months of January and April, with the 

peak values observed in March/April for the Sudan-Sahelian region. This is in agreement with the 

study of Ochei and Adenola (2018) which define the peak months of thick dust haze (TDH) and 

light dust haze (LDH) to be between November/December and January/February respectively. The 

low value experienced in this savannah region in August cannot be said to be a coincidence, rather 

can be associated with the farthest position of the ITD at 22oN, thereby making southwest 

monsoon wind to be dominant and prevalent over the region (Oluleye and Okogbue 2013; Grist 

and Nicholson 2001), bringing in moisture and thereby washing away the aerosols from the 

atmosphere. 

Biomass burning presence over Ouagadougou (fig. 4.7) was low between the rainy months of June 

and September, while January to May recorded some activities. This is to show that some activities 

have taken place for the preparation of the planting season in anticipation of precipitation. It 

started showing an increasing trend from October, with November and December recording the 
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highest value. The rainfall months recorded the least values of biomass burning. The carbonaceous 

recorded its least value in March but continues to its highest value in September and November, 

with a slight dip in October; thereby forming a double peak-like pattern. The dust and PM2.5 

showed quite identical patterns, with the highest and least values recorded in March and August 

respectively. 
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4.2.3 Monthly Variation over the Desert zone (13oN and above) 

 

Figure 4.8: Monthly Aerosol (a) biomass burning, (b) carbonaceous, (c) dust, (d) PM2.5 
      Variability over Agoufou. 

 

a 

c d 

b 
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Figure 4.9: Monthly Aerosol (a) biomass burning, (b) carbonaceous, (c) dust, (d) PM2.5 
       Variability over Dakar 

 

a 

c d 

b 
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Figure 4.10: Monthly Aerosol (a) biomass burning, (b) carbonaceous, (c) dust, (d) PM2.5 
        Variability over Praia 

a 

c d 

b 
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The desert with three (3) locations, designated from areas north of 13oN, showed a very low level 

of biomass burning and carbonaceous across the selected locations between January and June in 

some cases while some extended to September. The values of the biomass burning and the 

carbonaceous were higher during the dry months of October, November, and December, except 

Dakar which recorded its highest value of biomass burning in September and December. The 

carbonaceous for Agoufou (fig. 4.8b) showed a low value from January to July and peaked in 

September. The value plummeted again around the months of November and December. Thus, it 

can be deduced that the carbonaceous over Agoufou was more pronounced during the peak months 

of the rainy season, while the dry months experience less carbonaceous in the atmosphere. The 

biomass burning over Dakar (fig. 4.8a) recorded a double peak in September and 

December/January. The activities of the biomass were less conspicuous from the dry months of 

February through to the rainy month of August. The carbonaceous in figure 4.8b showed the 

month of April, May, and June recording the least values, while September and October recorded 

the highest values. The monthly aerosol distribution over Praia (fig. 4.10) showed identical 

features for both biomass burning (fig. 4.10a) and carbonaceous (fig. 4.10b). It can be observed 

from the two figures that biomass burning and carbonaceous were absent from January to October, 

while only the months of November and December recorded some activities of aerosol over the 

area. These designated desert areas namely Agoufou (fig. 4.8), Dakar (fig. 4.9) and Praia (fig. 

4.10) have the same thing in common, which is the fact that all the figures representing both clouds 

of dust and PM2.5 showed the same pattern and trend. This is in support of the study of De 

Longueville et al., (2010) which showed that Saharan dust contributes up to 1100 Tg of particulate 

matter to the annual 
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4.3 Seasonal and Inter-seasonal Distribution of Aerosols over West Africa. 

 

 

 

 

    Figure 4.11: Seasonal (a) DJF – December/January/February, (b) MAM - March/April/May  
 (c) JJA - June/July/August, (d) SON - September/October/November distribution 
of Biomass Burning 

a 

c d 

b 
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The availability of biomass in the seasonal months of December/January/February around the 

stretches of the Atlantic bounded areas can be said to be a result of two possibilities. The first 

result can be deduced to be the pre-planting activities in expectation of the onset of the rainy 

season in the region. Another possible scenario can be adduced to the role of the prevailing 

easterly wind which can aid the transportation of the pollutant from Central Africa to Western 

Africa. The large presence of biomass burning in central Africa can be attributed to the fact that 

the area is said to have an estimated carbon emission from deforestation in 1980 to range from 

17.9 to 22.5million tonnes, accounting for about 20% of the total carbon emissions over the entire 

area of tropical Africa (Brown et al., 1989; Hall and Uhlig, 1991). It should be noted that the 

prevailing wind during this period of the year is easterlies. Hence, the second theory or possibility 

can be said to be truer in this scenario. The months of March/April/May showed the activity of 

biomass spotted around Freetown. Freetown may be a coastal zone but partly share the 

characteristic of the savannah region in which the onset of rain has been pegged on average to be 

around the month of May. Hence, the presence of biomass can be adduced to pre-planting season 

activities as the onset of rainfall over this location is not the same as in other rainforest zones. In 

the consideration of June/July/August, there was no evidence of biomass activity over the study 

area. But patches were discovered in the transition months of September/October/November 

depending on the latitudinal position. 
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         Figure 4.12: Seasonal (a) DJF – December/January/February, (b) March/April/May, 
      (c) June/July/August, (d) September/October/November distribution of Carbonaceous 

 

 

a 

c d 

b 
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The carbonaceous aerosol used for this analysis is compounding carbon, which is a production of 

incomplete combustion of fossil fuels and oxidation of methane and other hydrocarbons. 

Carbonaceous presence in the atmosphere is well pronounced in the Harmattan months of DJF, 

spanning the whole length of the coastal cities. This is in a similar pattern to biomass burning, and 

thus supports the study of van der Werf et al., (2010) which estimated around 2PgC/year of global 

CO2 emissions due to about 4% of the global land area subjected to burning (Giglio et al., 2013). 

Though studies may have shown similarities in biomass and carbon but comparing the results of 

both pollutants in the months of March/April/May (MAM), it can be observed that carbon seems 

pronounced around Ikeja which is not available in biomass burning during the said period. Also, 

Freetown seems to record an expanded area under carbon prevalence when compared to biomass. 

The reason for the high concentration of the pollutant at Ikeja and Freetown only within the coastal 

areas during this period can be attributed to anthropogenic effects. The wet months of 

June/July/August still showed Ikeja having a concentration of pollutants while Freetown is clear. 

The continuous presence of carbonaceous in Ikeja all through the year can be attributed to the fact 

that it is the commercial hub of West Africa with engrossed vehicular and human activities 

(industrial emissions). 
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       Figure 4.13: Seasonal (a) DJF – December/January/February, (b) MAM - March/April/May  
(c) JJA - June/July/August, (d) SON - September/October/November   
distribution of Dust 

 

 

 

a 

c d 
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The analysed dust particle is a combination of both fine mode as a suspended atmospheric particles 

and coarse mode due to the accumulation as sediment on the surface of the earth. Most 

importantly, the considered dust particles here is in the range of about 1 – 100 μm. During the 

harmattan months of DJF, it was observed that the dust spread to the southernmost part of the 

study area, covering the whole of Nigeria and spreading up to 5oW, and also a significant patch of 

it around Dakar at 15oN. Due to the depth of this pollutant southward, it is often regarded as a thick 

dust haze (TDH) and reduces visibility (Ochei and Adenola, 2018). The source point showed a 

well-laden dust event, with a significant amount spreading across Sudan and some parts of the 

Guinea savannah. The potential ‘early’ onset of the rainforest part in the months of MAM seems to 

have pushed back the dust further north, and this can be attributed to the northward migration of 

the ITD, thereby making south of the ITD to be under the influence of moist southwest monsoon 

(Oluleye and Okogbue, 2013). The month of JJA exhibited characteristics that showed that the 

whole rainforest and Guinea savannah were under the influence of convective activities due to the 

northernmost position of ITD. Though, some areas north of 15oN (Sahel) and most especially the 

point source are mostly under the influence of dust activities. The dust seems to be intensifying 

again and thereby pushing further down the south towards the Atlantic Ocean in the transition 

month of SON. 
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     Figure 4.14: Seasonal (a) DJF – December/January/February, (b) MAM - March/April/May  
(c) JJA - June/July/August, (d) September/October/November distribution of 

Particulate Matters (PM2.5). 
 

a 

c d 
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Particulate Matters (PM2.5) showed similar features in Harmattan months of DJF and onset months 

of MAM. Though the coastal axes did not have a record of the pollutant in the onset months, 

further inland to the north showed a similar pattern with DJF over the Sahel and desert areas. For 

the wet months of JJA, the pollutant is completely negligible from the equator up to 15oN, but 

some traces can be seen over the Sahel. The cessation months of SON witnessed the spread of the 

pollutant towards the southern part. Though, areas south of 9oN - 10oN are not under the influence 

of the pollutant. The point source of dust in Bodélé depression exhibited a similar pattern with 

PM2.5 and this is in support of De Longueville et al., 2010 study which showed that Saharan dust 

contributes up to 1100 Tg of particulate matter to the annual, thereby making it the most active 

among all source regions worldwide. 
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4.4 Annual Variability of Aerosols over West Africa. 

 
           Figure 4.15: Annual Variability of Biomass burning Aerosol over the study locations. 

 

 
            Figure 4.16: Annual Variability of Carbonaceous over the study locations. 
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 Figure 4.17: Annual Variability of Dust Aerosols over the study locations. 

 

 
   Figure 4.18: Annual Variability of Particulate Matters (PM2.5) over the study locations. 
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The annual variation of aerosol types over a period of 30 years sheds light on some dominating 

types of pollutants and also the locations. The dust and PM2.5, which can be termed natural 

pollutants, seem to be evenly distributed over the stations. This is not taking the fact away that 

Banizoumbou had more dust prevalence than other locations, and this can be attributed to its 

closeness to the source location, Bodélé depression (Herrmann et al., 1999). The distribution and 

variability of PM2.5 can also be said to be even as dust. But BB and CO cannot be said to be like 

the previous pollutants discussed. Freetown seems to record extreme event of BB, and this is in 

support of the report from Arevalo et al. (2016) study that 78% of 20,000 sampled households in 

Sierra Leone relies on wood fuel. Ikeja seems to be the more dominating location when it comes to 

CO, and this can be attributed to its status as the industrial hub of West Africa, its busiest ports, 

heavy traffic, and the city with the largest population (Kamer 2022). This result conforms with 

Assamoi and Liousse, (2010) study and agrees with observations (Reeves et al., 2010) which 

spotted Lagos as one of the African largest cities with regional inventories of anthropogenic 

emissions due to high fossil fuel and biofuel consumption, including regional specificities, such as 

traffic from two-wheel vehicles And closely followed in the figure is Freetown as it is a well-

known fact that wood fuel also contains some carbon. 
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4.5 Correlation Graphs of Aerosols and Climatic Parameters. 

This section assesses and discusses the relationship between the selected aerosols (biomass 

burning, carbonaceous, dust, and PM2.5) against each of the climatic parameters used (convective 

precipitation, wind speed, and water vapor). The analyses contain daily aerosols and climatic 

parameter variables for 30 years. To determine if there exists a relationship between the correlated 

variables, probability value (p-value) analysis was employed at a significance level of 0.05. If the 

P-value is smaller than the significance level (α =0.05), the null hypothesis is rejected in favor of 

the alternative. It can be concluded that the correlation is statically significant or in simple words 

“it can be said that there is a linear relationship between an independent variable - x (aerosol type) 

and the dependent variable – y (climatic parameter) in the population at the α level.” If the P-value 

is bigger than the significance level (α =0.05), the null hypothesis is not rejected. It can then be 

concluded that the correlation is not statically significant. Or in other words “we conclude that 

there is not a significant linear correlation between an independent variable - x (aerosol type) and 

the dependent variable – y (climatic parameter) in the population at α level.” 
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4.5.1 Convective Precipitation Correlated with Aerosols 

 
   Figure 4.19: Correlation graphs of convective precipitation and aerosol types over Abidjan 
 
 

 
     Figure 4.20: Correlation graphs of convective precipitation and aerosol types over Accra 
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         Figure 4.21: Correlation graphs of convective precipitation and aerosol types over Agoufou 

 

 
        Figure 4.22: Correlation graphs of convective precipitation and aerosol types over 

  Banizoumbou 
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Figure 4.23: Correlation graphs of convective precipitation and aerosol types over Dakar 

 

 
Figure 4.24: Correlation graphs of convective precipitation and aerosol types over 

       Freetown 
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Figure 4.25: Correlation graphs of convective precipitation and aerosol types over Ikeja 

   

 
Figure 4.26: Correlation graphs of convective precipitation and aerosol types over Kano
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Figure 4.27: Correlation graphs of convective precipitation and aerosol types over 

 Ouagadougou 

 
Figure 4.28: Correlation graphs of convective precipitation and aerosol types over Praia 
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Table 4.1: Table showing the correlation (R) between convective precipitation and aerosols, with the corresponding p-values at α = 0.05 

Summary 

Biomass Burning = 7 Rejected, 3 Accepted;  

Carbonaceous = 8 Rejected, 2 Accepted;  

Dust and PM2.5 = 8 Rejected, 2 Accepted 

 

S/N Stations Biomass Burning (BB) Carbonaceous (CO) Dust (Du) Particulate Matters (PM2.5) 

R p-value Status R p-value Status R p-value Status R p-value Status 

1. Abidjan 0.08 0.13 Accepted 0.27 2.11e-7 Rejected 0.08 0.15 Accepted -0.03 0.61 Accepted 

2. Accra -0.13 0.01 Rejected -0.03 0.60 Accepted 0.11 0.03 Rejected -0.01 0.84 Accepted 

3. Agoufou -0.11 0.04 Rejected 0.56 1.11e-30 Rejected -0.37 4.54e-13 Rejected -0.35 6.12e-12 Rejected 

4. Banizoumbou -0.25 3.23e-06 Rejected 0.60 9.24e-37 Rejected -0.55 6.81e-30 Rejected -0.52 3.62e-26 Rejected 

5. Dakar 0.03 0.56 Accepted 0.14 0.00 Rejected -0.30 7.26e-09 Rejected -0.32 2.82e-10 Rejected 

6. Freetown -0.18 0.00 Rejected -0.17 0.00 Rejected -0.63 4.24e-41 Rejected -0.71 7.59e-56 Rejected 

7. Ikeja -0.24 3.46e-06 Rejected 0.33 6.27e-11 Rejected -0.19 0.00 Rejected -0.34 5.13e-11 Rejected 

8. Kano -0.15 0.00 Rejected 0.19 0.00 Rejected -0.66 8.18e-47 Rejected -0.62 9.12e-40 Rejected 

9. Ouagadougou -0.32 6.92e-10 Rejected 0.40 6.17e-15 Rejected -0.53 4.85e-28 Rejected -0.53 8.15e-28 Rejected 

10. Praia -0.04 0.49 Accepted -0.02 0.65 Accepted -0.02 0.77 Accepted -0.12 0.02 Rejected 
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Several studies have been done to unravel the relationships vis-à-vis the effect of aerosol on 

meteorological variables or the other way around. One such study showed that squall lines and 

density currents which are associated with moist convection are meteorological effects that cause 

strong winds necessary to trigger dust mobilization (Knippertz, 2008; Knippertz et al., 2009; 

Schepanski et al., 2009). 

For the relationships between aerosol types and convective precipitation in table 4.1, it showed 

that all locations recorded a negative correlation in biomass, dust, and PM2.5. This shows that the 

presence of aerosols can lead to reduced precipitations presence in the atmosphere. This is in 

support of Wu et al., (2011) study which established that investigation of regional modeling has 

shown that the radiative effect of aerosol could cause an overall reduction in precipitation but 

may increase nighttime precipitation; and also intensify extremely high precipitation rates 

(Kolusu et al., 2015). The strongest relationships between convective precipitations and aerosol 

types can be observed in Banizoumbou (for Carbonaceous) at 0.60, Kano (for dust) at -0.66, and 

Freetown (for PM2.5) at -0.71. The strong correlation between dust and convective precipitation 

over Kano can be supported by studies of Knippertz, (2008) and Schepanski et al., (2009) which 

showed that associated moist convection of squall lines triggers dust mobilization. Biomass 

burning recorded low or no correlation with convective precipitation in all the locations, with the 

highest value being -0.32 at Ouagadougou. Relating the probability value of the correlation 

values of each of the climatic variables with aerosol types to the significance test of 0.05, it can 

be deduced under biomass burning that all locations except Abidjan, Dakar, and Praia, had a 

statistically significant relationship with convective precipitation. For carbonaceous, Accra and 

Praia were the only two (2) stations that do not have a relationship that is statistically significant 

with convective precipitation. The correlation under dust also showed Abidjan and Praia not 
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having a statistically significant relationship with convective precipitation with values higher 

than 0.05; while Abidjan and Accra values also accepted the null hypothesis which showed that 

these are the two (2) locations where there exist no statistically significant relation between the 

PM2.5 and convective precipitation. 

In summary, all the correlated aerosols over Praia with convective precipitation, except PM2.5, do 

not exhibit a statistically significant relationship between the aerosol and the climatic parameters; 

while Accra, as the only coastal location, also recorded no statistically significant relationship 

under carbonaceous and PM2.5. This anomaly in Accra as compared to other locations, especially 

regions within the same climatic borders, cannot be said to be unrelated to the anomaly in 

weather situations as detailed by Acheampong (1982). 
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4.5.2 Wind Speed Correlated with Aerosols  

 

Figure 4.29: Correlation graphs of wind speed and aerosol types over Abidjan 

 

 
Figure 4.30: Correlation graphs of wind speed and aerosol types over Accra 
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      Figure 4.31: Correlation graphs of wind speed and aerosol types over Agoufou 

 

 
Figure 4.32: Correlation graphs of wind speed and aerosol types over Banizoumbou 
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    Figure 4.33: Correlation graphs of wind speed and aerosol types over Dakar 

 

 
        Figure 4.34: Correlation graphs of wind speed and aerosol types over Freetown 
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Figure 4.35: Correlation graphs of wind speed and aerosol types over Ikeja 

 

 
Figure 4.36: Correlation graphs of wind speed and aerosol types over Kano 
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Figure 4.37: Correlation graphs of wind speed and aerosol types over Ouagadougou 

 

 
Figure 4.38: Correlation graphs of wind speed and aerosol types over Praia



 

128 

 

Table 4.2: Table showing the correlation (R) between wind speed and aerosols, with the corresponding p-values at α = 0.05 

Summary 

Biomass Burning = 4 Rejected, 6 Accepted;  

Carbonaceous = 7 Rejected, 3 Accepted;  

Dust and PM2.5 = 9 Rejected, 1 Accepted 

 

S/N Stations Biomass Burning (BB) Carbonaceous (CO) Dust (Du) Particulate Matters (PM2.5) 

R p-value Status R p-value Status R p-value Status R p-value Status 

1. Abidjan -0.12 0.07 Accepted -0.25 0.00 Rejected -0.48 4.82e-15 Rejected -0.53 1.95e-18 Rejected 

2. Accra -0.30 1.72e-06 Rejected -0.34 7.55e-08 Rejected -0.32 2.87e-07 Rejected -0.38 1.74e-09 Rejected 

3. Agoufou -0.08 0.21 Accepted -0.56 7.45e-21 Rejected 0.13 0.05 Rejected 0.16 0.02 Rejected 

4. Banizoumbou 0.05 0.47 Accepted -0.62 1.04e-26 Rejected 0.38 1.05e-09 Rejected 0.43 5.17e-12 Rejected 

5. Dakar 0.08 0.24 Accepted -0.13 0.04 Rejected 0.03 0.61 Accepted 0.10 0.12 Accepted 

6. Freetown -0.03 0.60 Accepted -0.04 0.56 Accepted -0.34 4.44e-08 Rejected -0.43 5.68e-12 Rejected 

7. Ikeja -0.23 0.00 Rejected -0.04 0.55 Accepted -0.38 7.22e-10 Rejected -0.46 3.81e-14 Rejected 

8. Kano 0.22 0.00 Rejected -0.51 3.98e-17 Rejected 0.63 2.05e-28 Rejected 0.69 4.74e-35 Rejected 

9. Ouagadougou 0.29 5.21e-06 Rejected -0.42 1.15e-11 Rejected 0.38 1.11e-09 Rejected 0.44 1.17e-12 Rejected 

10. Praia 0.02 0.75 Accepted 0.02 0.75 Accepted -0.36 5.88e-09 Rejected -0.23 0.00 Rejected 
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The correlation values between aerosol types and wind speed (table 4.2) show strong and low 

relationships across the aerosol types and also location dependence. It can be deduced that the 

stronger the wind speed, the less the presence of these aerosol types. This is so because the wind 

is responsible for the dispersion of aerosols in the atmosphere. The aerosol can be said to have 

been transported from one location to another, thus resulting in a low and sometimes negative 

relationship. This is in support of the Danjuma et al., (2020) study which showed the 

transportation of aerosol from central Africa to West Africa over maritime. Dust and PM2.5 

showed a strong relationship with wind speed over Kano with correlation values of 0.63 and 0.69 

respectively. But it was a moderate relationship between PM2.5 and wind speed over Abidjan. For 

the correlation between wind speed and carbonaceous, Banizoumbou recorded a strong 

correlation value of -0.62, while Kano and Agoufou recorded a moderate correlation of -0.51 and 

-0.56 respectively. The same cannot be said for the relationship of biomass burning with wind 

speed which showed low correlation values over all the locations for this study. The p-value also 

corroborated the statistical significance of the result of the correlation values. As regards biomass 

burning and wind speed, Accra, Ikeja, Kano, and Ouagadougou are the only locations that 

showed the relationship between the two aforementioned variables are statistically significant. 

The null hypothesis (Ho) is accepted for the other six (6) locations under the biomass burning 

correlation with wind speed, which showed no statistically significant relationship between the 

variables as evident in their p-values which are greater than the significant value of 0.05. For the 

carbonaceous, the null hypothesis was accepted in Freetown, Ikeja, and Praia, thus translating 

that there is no statistical significance in the relationship between wind speed and carbonaceous. 

Only Dakar showed no statistically significant relationship between wind speed and the other 

two variables (Dust and PM2.5). Hence, 90% of the locations showed that there exists statistical 
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significance in the relationship between dust and wind speed. The dust results are in support of 

studies by Knippertz (2008) and Schepanski et al. (2009) in which strong wind from line squalls 

can trigger dust mobilization. 
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4.5.3 Water Vapor Correlated with Aerosols 

 
      Figure 4.39: Correlation graphs of water vapor and aerosol types over Abidjan 

 

 
Figure 4.40: Correlation graphs of water vapor and aerosol types over Accra 
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Figure 4.41: Correlation graphs of water vapor and aerosol types over Agoufou 

 

 
Figure 4.42: Correlation graphs of water vapor and aerosol types over Banizoumbou 
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Figure 4.43: Correlation graphs of water vapor and aerosol types over Dakar 

 

 
Figure 4.44: Correlation graphs of water vapor and aerosol types over Freetown 
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Figure 4.45: Correlation graphs of water vapor and aerosol types over Ikeja 

 

 
Figure 4.46: Correlation graphs of water vapor and aerosol types over Kano 
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Figure 4.47: Correlation graphs of water vapor and aerosol types over Ouagadougou 

 

 
Figure 4.48: Correlation graphs of water vapor and aerosol types over Praia
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Table 4.3: Table showing the correlation (R) between water vapor and aerosols, with the corresponding p-values at α = 0.05 

Summary 

Biomass Burning = 6 Rejected, 4 Accepted;  

Carbonaceous = 5 Rejected, 5 Accepted;  

Dust and PM2.5 = 8 Rejected, 2 Accepted 

S/N Stations Biomass Burning (BB) Carbonaceous (CO) Dust (Du) Particulate Matters (PM2.5) 

R p-value Status R p-value Status R p-value Status R p-value Status 

1. Abidjan 0.00 0.96 Accepted 0.07 0.25 Accepted -0.48 1.73e-15 Rejected -0.62 6.91e-27 Rejected 

2. Accra -0.56 1.56e-21 Rejected -0.48 1.59e-15 Rejected -0.53 4.94e-19 Rejected -0.69 1.03e-34 Rejected 

3. Agoufou -0.16 0.02 Rejected 0.43 2.22e-12 Rejected -0.02 0.75 Accepted -0.08 0.21 Accepted 

4. Banizoumbou -0.26 5.23e-05 Rejected 0.41 2.20e-11 Rejected -0.35 2.28e-08 Rejected -0.41 4.12e-11 Rejected 

5. Dakar -0.08 0.21 Accepted 0.07 0.28 Accepted 0.00 0.97 Accepted -0.09 0.17 Accepted 

6. Freetown -0.05 0.45 Accepted -0.05 0.43 Accepted -0.48 2.25e-15 Rejected -0.66 1.97e-31 Rejected 

7. Ikeja -0.44 1.32e-12 Rejected 0.00 0.99 Accepted -0.60 4.84e-25 Rejected -0.74 7.39e-43 Rejected 

8. Kano -0.28 7.90e-06 Rejected 0.39 6.45e-10 Rejected -0.56 7.48e-21 Rejected -0.61 2.36e-25 Rejected 

9. Ouagadougou -0.49 1.76e-14 Rejected 0.15 0.02 Rejected -0.32 6.29e-07 Rejected -0.40 9.63e-11 Rejected 

10. Praia -0.05 0.46 Accepted -0.05 0.46 Accepted 0.33 2.15e-07 Rejected 0.12 0.00 Rejected 
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The relationship between the aerosol types and water vapor as seen in Table 4.3 showed that PM2.5 

had strong correlation values with water vapor in five locations namely: Abidjan, Accra, Freetown, 

Ikeja, and Kano; while Banzioumbou and Ouagadougou recorded moderate correlation values of   -

0.41 and -0.40 respectively. But Agoufou and Praia recorded low correlation values between water 

vapor and PM2.5. In summary, all the rainforest-categorized stations of Accra, Ikeja, and Freetown 

recorded correlation values of -0.69, -0.66, and -0.71 respectively. Kano was the only station with a 

strong correlation value of -0.61 among the savannah stations. Dust occurrence and water vapor 

correlation showed Kano, Ikeja, and Accra recording strong but negative relationships. There was 

low and moderate correlation existence between carbonaceous and water vapor for all stations 

under study. But only Accra had a moderate correlation between water vapor and biomass burning 

with a value of -0.56. It is important to state that all values between water vapor and three aerosol 

types (biomass burning, dust, and PM2.5) were negatively correlated. Under carbonaceous, only 

Accra, Freetown, and Praia recorded negative correlation values of -0.48, -0.05, and -0.05 

respectively. The p-value showed that there exists a relationship between all the aerosol types and 

water vapor except in Freetown (for Biomass burning and carbonaceous) and Ikeja (for 

carbonaceous only). The outcome also suggests that all savannah locations (Banizoumbou, Kano, 

and Ouagadougou) showed that there is statistical significance in the existing relationship between 

water vapor and all pollutants. 
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4.6 Simulation from the COSMO-MUSCAT coupling model 

This section is to validate the coupling model of COSMO-MUSCAT on two (2) distinct activities 

of West Africa seasons: dry and wet seasons. Some selected episodes were used to validate the 

model. The two (2) selected events were: (i) dust and smoke episodes of 24th – 27th December 2015 

over West Africa, having a dust layer that extended from the ground to 200m, and smoke layer; and 

(ii) the convective precipitation of 30th August – 2nd September 2009 over Ouagadougou and Mali. 

The simulated results of these events were validated with observation/satellite data from Giovanni 

and EUMETSAT Imagery Gallery Animations (https://eumetview.eumetsat.int/) of the said dates. 

Literature on previous works done on the same date of the event was also considered in validating 

the result. 

The simulation started on the 21st of December as seen in the figure above. The model output was 

on a 48-hours result. In analyzing this result, the cooler and hotter hours of each day (represented 

with Day 1, Morning and Day 1, Afternoon respectively) at the surface and upper level were 

considered. The choice of the hours of the day was in consideration of the atmospheric dynamics 

the emphasis on radiation and turbulence (i.e. mixing of air from the earth’s surface to the 

atmosphere) was considered (Holtslag, 2003). 
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4.6.1    Dust episode of 21st – 30th December 2015 at the surface, Upper level, and Average 
            of all the layers/levels. 

 
Figure 4.49: Surface analysis of dust episode of 21st – 30th December 2015 over West Africa. 
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The result as shown in figure (4.49) showed four (4) panels per row for analyzed results from 21st – 

30th December 2009 for the surface. The rows showed results for two (2) days (48-hour output), 

with consideration of the cooler and hotter period of each day at the surface only. The result showed 

the development of the dust systems in two separated but close locations which are Bodélé 

depression and Chad basin areas on the 21st and 22nd of December 2015 of “Day 1, Morning & Day 

2, Morning. But the dust system seems to have been clustered together during the afternoon hours 

of each day as seen in the same date. Despite these changes in the dust development, the observed 

situations could still be seen around the spot system; thus regarded as the hot spots or epicenter of 

the dust region. That is, there was no evidence of transportation of the systems to other parts of the 

West African region. This is more of a system developing around a source region without any 

available atmospheric propagating variable. The dust system became bigger in panel d, which 

corresponds to the afternoon hour of the 22nd of December. The activities became more noticeable 

as the dust started propagating toward other parts of the West African region. The aftermath of the 

event was still noticeable between the morning hours of 25th – 26th December, while it died off in 

the evening hours of 26th December. From the afternoon of the 26th to the morning of the 28th, the 

system was completely unavailable, but a second dust system seems to pick up in the afternoon of 

the 28th of December through the 30th of December, but it was not in consideration in this work. 
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Figure 4.50: Upper-level analysis of dust episode of 21st – 30th December 2015 over West Africa 
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Figure (4.50) above showed the output or result of the modeled system at the upper level. Though, 

the dust around the surface has its health implications, dust at the upper level helps in cloud 

condensation nuclei (CCN) processes. The core of the dust is seen over Mauritania, Senegal, and 

The Gambia on the 21st of December, while the 22nd of December showed an extension of the 

particle north of Mali. The coastal axes were under the influence of light particles across the two (2) 

days when compared to the inland section. The development of the core dust particles at the upper 

level covered only three (3) countries namely: The Gambia, Senegal, and Mauritania; in the 

morning hours. But there was an extension of the systems into the north-western part of Mali in the 

afternoon hours. While the dust system was later transported from the north-western part of Mali 

further inland in an eastward direction during the morning hours of the 26th of December, the 

afternoon hours showed that the system has further moved into the southern part of Algeria. But the 

atmosphere seems to be clear of any particles around Guinea and Senegal and some parts of 

Mauritania during the morning hours, while the afternoon hours showed the clear parts gaining 

further space into Mali in addition to the parts covered in the morning hours. The 23rd day of 

December showed the thickness of dust being transported into the northwestern part of Nigeria, 

covering the whole of Burkina Faso, and the northwestern parts of the Niger Republic. The thick 

part of the dust has been dispersed or transported, thus leaving an almost clear atmosphere over 

Senegal, Gambia, Guinea, and Mauritania axes but the thick dust still occupied the northern part of 

Mali. The whole of Nigeria became occupied with dust in the morning hours of 24th December, 

leading to the clearance of the thick dust completely from Mali but still with the presence of only 

the light dust. The thick dust seems to be under the influence of westerlies. The afternoon hours of 

the same day showed light dust occupying most parts of the region. The thick dust has propagated 

eastwards. The light dust-laden atmosphere continues its existence over most parts of Western 
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Africa from 25th to 26th December, except Nigeria which has thick dust. Also, there seems to exist a 

new thick dust system developing over the northern axis of Mauritania in the afternoon period of 

the 26th day of December. The development of the dust system continues from the morning of the 

27th day but started dying off in the afternoon hours of the 28th of December. As the continued 

clearing of the atmosphere from the dust continues, the south-south parts of Nigeria and the axes of 

The Gambia, Senegal, Mauritania, and Guinea are devoid of any presence of dust between the 

morning hour of the 29th and afternoon hour of the 30th day of December. 
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      Figure 4.51: Averaged levels/layers of dust episode of 21st – 30th December 2015 over West Africa. 
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Figure 4.51 above is the average of all pressure levels of the simulated output. Each figure was over 

48 hours (2 days). The result from the figure for the 21st and 22nd of December showed the initial 

development of the dust over the well-known Bode depression region (Herrmann et al., 1999). The 

thickness of the dust was at the epicenter of the source region, spreading out down south towards 

the coastal areas. The thickness of the dust extended from the source region to the axis of Lake 

Chad. There were also some fragments of light dust over Nigeria, and some parts of Niger, Mali, 

and south of Algeria. The thickness of the dust continues to propagate down south from the 

epicenter, covering the Sahel and Sudano region of Nigeria on the 23rd and 24th of December. The 

light dust has extended and covered Benin, Togo, Ghana, Burkina Faso, Mali, and Mauritania. The 

25th and 26th December figures showed the total propagation of the thick dust to the coastal areas of 

the West African region. This also led to complete coverage of some areas (Nigeria, Benin, Togo, 

and Ghana) with thick dust. This shows that the main long-range transport paths of dust are 

westward towards the North Atlantic to South or North America (Middleton and Goudie, 2001). 

The implications of this scenario mean the atmosphere can lead to serious air pollution-health-

related issues, such as silicosis which is suspected to be playing a role in the spread of meningitis 

during the dry season in northern Africa (Morman and Plumlee, 2014), due to the exposure to high 

dust concentrations, especially during dust storms (Kelishadi and Poursafa, 2010; Manucci and 

Franchini, 2017). Other parts of the West African region were under light dust. The 27th and 28th 

December results showed the sparse distribution of the light dust over some areas of the region 

while the thick dust was clear over the northern part of Nigeria. The coastal axes of Nigeria, Benin, 

Togo, and Ghana still showed evidence of the presence of thick dust. The presence of this aerosol 

around the coast is a confirmation of the existing literature which attributed water bodies as a good 

retention of dust, as it brings nutrients to the ocean and increases phytoplankton growth (Levitus et 
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al., 2000; Shinn et al., 2000), which serves as food to juvenile fish. The thicker dust can be spotted 

around the source region. The 29th - 30th December figure showed the presence of dust around the 

Chad basin and the source region. Every other part is under the influence of light or no dust. 
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Figure 4.52: EUMETSAT images of 21st – 30th December 2015 over West Africa. 
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Figure 4.52 are images of dust and smoke days between the 21st and 30th of December 2015 from 

the European Organization for the Exploitation of Meteorological Satellites (EUMETSAT). The 

information from the images was for validation purposes of the COSMO-MUSCAT model output. 

It is imperative for such validation to be carried out since the model is been used for the first time in 

West Africa. As observed from Figure.52 and compared with the model output in Figure 4.51, it 

can be deduced that the first 3 days (21st, 22nd, and 23rd December 2015) showed evidence of dust 

mobilization around the Bodélé depression region. The dispersion of the dust from the point source 

became more pronounced from 24th – 26th December 2015. Another interesting finding from the 

two figures (4.51 and 4.52) showed the extreme western part of the region to Mali, Dakar and the 

Gulf of Guinea area did not experience the pollutant as pronounced over Nigeria. This can be 

attributed to an influx of moisture around those regions during these periods as seen in the 

EUMETSAT images. This precipitation during this dry month of the year (December) can be said 

to be extra-tropically induced. The moisture of the 24th day was seen flowing inland through 

Freetown, but the system had moved further north towards the boundary of Dakar and Mauritania. 

The 26th – 28th day recorded the largest amount of moisture influx, covering the whole Western axis 

of the Atlantic Ocean from the Gulf of Guinea axis of Freetown to the Canary axis of North Africa. 

Also, the dust seems to have cleared from the atmosphere of the rainforest zone, limiting the 

presence of the dust only over Bodélé depression. 
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4.6.2 Simulated Precipitation Output of 25th August – 5th September, 2009 over West 
Africa 

 

 

 

 

   Figure 4.53: Non-Feedback precipitation episode of 25th August – 5th September 2009 over West Africa.
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Upon analyzing the aerosol types in the atmosphere, herein referred to as the chemistry component 

of the model, the meteorology component was analyzed, that is, precipitation. Although, other 

meteorological variables such as wind components, relative humidity, temperature, etc. were some 

of the variables inputted in the simulation model. The heavy precipitation episode used for this 

simulation was within the period 25th August – 5th September 2009 but the event occurred between 

30th August and 2nd September. The simulation was done for both feedback and non-feedback 

mechanism. Under the later condition or mechanism for the 25th and 26th of August, heavy 

precipitation was captured by the model around the boundary of Ghana and Burkina Faso. Other 

systems were seen developing in the Central African countries of Cameroun, Chad republic, and the 

Central African Republic; which confirms earlier affirmation that most convective systems over 

West Africa are easterlies, or simply say that they originated from the eastern part of the region. 

The northern part of Cote d’Ivoire and the western part of Burkina Faso also recorded some amount 

of heavy precipitation. Less activity of convective systems was recorded over the boundary of 

Burkina Faso and Ghana on the 27th - 28th of August as most of the heavy patches of precipitation 

(mature system) have fully dissipated, leaving evidence of developing systems across the region of 

West and Central Africa. Though, the boundary between Liberia and Sierra Leone showed 

significant activity in action. Mali and Mauritania also recorded patches of light precipitation. 

Going from the above explanation concerning the exact period of the precipitation activity, it can be 

confirmed from the figure the extent of heavy precipitations scattered over the West African region. 

These systems were observed significantly over Mali, Niger Republic, Cameroun, and Chad 

Republic. The two (2) systems over southern Mali were the strongest in terms of the space 

occupied; followed by the system over the Niger Republic. In all of these events, areas south of 

10oN are devoid of any system (Riehl, 1954; Thompson, 1965; Garnier, 1971; Oluleye and 
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Okogbue, 2013; Ochei et al., 2015). This is in support of (Ireland, 1962; Adefolalu, 1972; Adekoya, 

1979; Omotosho, 1988; Eludoyin, 2009) studies which attributed the period to little dry seas (LDS) 

or otherwise known as August break, as a result of the northernmost position of the Inter-Tropical 

Discontinuity (ITD) at 22oN (Ilesanmi, 1971; Omotosho, 1985). Thus, limiting the strong activities 

of convective systems to areas north of 10oN. It should also be noted that the limitation of the 

strong systems in such a position is that most systems occur about 1.5km south of the ITD 

(Adefolalu, 1984; Ilesanmi, 1968 & 1969). The event of 31st August – 1st September showed the 

systems in decaying stages when compared to the information from the preceding figure. Only 

central Mali and southeastern Mauritania recorded heavy precipitation presence while some 

scattered systems can be observed around, Freetown, Chad, and Central Africa Republic (CAR). 

The systems have completely cleared from areas between 10oW and 10oE and south of 10oN. This 

position has been defined as the area of Little Dry Season (LDS) (Omotosho, 1988); while it is also 

referred to as “anomalous August weather” (Adefolalu, 1972). The figure for 2nd – 3rd September 

showed the clustering of the systems over Guinea, with some patches of the systems around the 

Gulf of Guinea bordering countries of Sierra Leone and Guinea Bissau. Some of these systems can 

also be found at the boundary of Mali and Senegal. The Gulf of Guinea has been known as an area 

of intense convective systems as a result of the high sea-surface temperatures (SSTs) present 

(Janicot et al., 1998; Fontaine et al., 1998), and this has made the area to be under heavy 

precipitation almost throughout the boreal summer period and the northward penetration of the rain 

band (Eltahir & Gong, 1996). Thus, not falling under the little dry season designated area of 10oW - 

10oE and south of 10oN (Omotosho, 1988). The last figure dated 4th – 5th September only has heavy 

precipitation presence at the border of Mali and Mauritania, and patches of the system at the border 
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of three (3) countries namely: Mali, Mauritania, and Senegal, while the other parts of Western 

Africa and the central states were cleared of the heavy precipitation presence. 

Summarily, the days preceding the dates of rainfall activities were either showing the true state of 

events in the atmosphere or the level of the convective systems not precipitable enough to be 

captured by the model under non-feedback. In comparison to feedback output, the events preceding 

the dates of heavy precipitation were more pronounced when compared to non-feedback output, but 

the period of occurrence of the convective systems was not visible as seen under non-feedback. 

This can be attributed to the radiative interaction of the aerosol on the precipitation, thereby acting 

to suppress the precipitation. This is in support of earlier studies (Twomey, 1977; Seinfeld et al., 

2016). 

Two (2) pieces of literature were employed to validate the ability of the COSMO-MUSCAT to 

capture the rain episode of September 1, 2009, over Ouagadougou. Though the results from 

Beucher et al., (2019) captured the rainfall event at the boundary of Burkina Faso and Niger 

Republic, Lafore et al., (2017) showed that convective systems a little further over Ouagadougou. 

Hence, it can be agreed or deduced that the model output of COSMO-MUSCAT worked well in 

capturing convective activities over West Africa. 
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       Figure 4.54: Feedback precipitation episode of 25th August – 5th September 2009 over West Africa. 
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The heavy precipitation simulation under the feedback mechanism was carried out to see the impact 

of the presence of aerosols on the amount of precipitation gotten. Unlike the non-feedback 

mechanism which gives what was simulated without considering the impact of any other substance 

in the atmosphere. Based on the results of heavy precipitation of the same months and date as 

specified in the non-feedback mechanism, it can be deduced from 25th – 26th August 2009 that the 

intensity of the systems over Chad Republic was stronger compared to the simulation result of non-

feedback. The system spans the full length of the east-to-west of the country, but when compared to 

the non-feedback of the same date, the system was divided at the center of the country, and could 

only be seen in the eastern and western parts of the country. In furtherance to the impact of the 

aerosols on the heavy precipitation, it can be seen that a system was seen developing around the 

eastern part of the Central Africa Republic, which was not present in the non-feedback simulation. 

Over Accra Ghana, the system remains the same as the non-feedback showed it, but there was a 

trace of a developing system over the northwestern part of Nigeria, precisely Kebbi and Zamfara 

states. From 27th – 28th August 2009, the systems observed at the boundary of Mali and Mauritania 

had more intensity in the feedback mechanism compared to what was observed in a non-feedback 

mechanism. This result is in support of early studies that have shown that the aerosol particles serve 

as cloud condensation nuclei which aid its formation and also increase the number of cloud droplets 

and cloud albedo (Twoney, 1974). Other features of the systems over the Chad Republic remained 

the same as seen in the other mechanism. In considering the figures from 29th – 30th August and 31st 

August – 1st September 2009 showed an opposite result when compared to the non-feedback 

mechanism, especially over West Africa. The figures showed the systems in a developing or dying 

stage, unlike in the non-feedback mechanism where the systems seem like mature systems, which 

carried heavy precipitation. The Central Africa Republic, Chad Republic, and Mali recorded 
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evidence of heavy precipitation presence from 29th – 30th August 2009. The same can be said of the 

presence of heavy precipitation evidence in the figure of 31st August – 1st September 2009 but with 

the inclusion of Burkina Faso, Mauritania, and Guinea. The 2nd – 3rd September figure showed the 

heavy clustering of the system over Guinea and the border of Mali and Senegal. The remaining 

parts of West Africa and central Africa, where most of the systems developed, did not record the 

presence of any system. This is also the same feature as seen in the non-feedback mechanism for 

this day except there was a record of heavy precipitation systems at the border of Guinea and 

Guinea Bissau. The figure for 4th – 5th September only has spotted heavy precipitation in southern 

Mauritania. Other parts of West Africa are devoid of any heavy precipitation activities. 
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4.6.3 Simulated Mixing Layer Height Output of 25th August – 5th September, 2009 over 
West Africa 
 

 
       Figure 4.55: Mixing Level height of 25th August – 5th September 2009 over West Africa. 
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The mixing layer is formed when discontinuous turbulence exists due to discontinuities in 

temperature stratification between the upper and lower layers of the atmosphere. The atmospheric 

mixing layer height (MLH) is an important meteorological factor that affects the vertical diffusion 

of atmospheric pollutants and water vapor concentrations; therefore, it impacts the formation and 

dissipation of air pollutants (Aron, 1983; Stull, 1988). The mixing layer height (MLH) can also be 

said to be a measure of the vertical turbulent exchange within the boundary layer, which is one of 

the controlling factors for the dilution of pollutants emitted near the ground. 

Relating the definition above to the details of Figure 4.55, it can be deduced that most of the 

morning hours are seldom calm and devoid of any turbulence, except the morning of 28th – 30th 

August. The mixing in the morning of the 28th – 30th August 2009 could be attributed to the 

turbulent activity of the previous afternoons due to the influence of abnormal conditions of the 

atmosphere like inversions and isotherms which may be attributed to radiative cooling of the 

Earth’s surface and adjacent air layers, air subsidence, etc., and this is in support of (Stryhal et al., 

2017; Czarnecka et al., 2019; Palarz et al., 2018, 2020) studies. The turbulence experienced in 

virtually all the afternoon periods can be attributed to the variation in temperature between the 

surface and upper atmosphere due to the presence of radiation. But the areas mostly affected by 

high turbulence are desert areas of Mali and Niger, and the North African region. 

Comparing the above observation from Figure 4.55 (mixing layer height) to Figures 4.69 (surface 

temperature) and 4.70 (upper-level temperature), it can be deduced that these three (3) figures 

followed almost the same pattern which means that there exists a relationship between temperature 

at surface and upper-level and mixing layer height (turbulent region). 
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4.7. Simulated Wind Component of 25th August – 5th September 2009 over selected stations 
in West Africa 

This section assesses the impact of aerosols (both radiative feedback and non-feedback 

mechanisms) on the convection initiation and propagation over West Africa. In resolving this, 

Omotosho, 1985 analysis of propagation, maintenance, and sustainability of West African 

convective systems was employed. The said analysis enumerates the process in which low theta-E 

(Ɵe) air blows from the African Easterly Jet (AEJ) towards a convective system and thus results in 

an evaporative downdraft. The cool and dry cold Ɵe becomes heavy and spreads on the surface. A 

gust front is formed and this allows the warm and moist high Ɵe to take an upward motion, thus 

energizing the cloud. In summary, the above-explained process describes the AEJ and Ɵe 

interaction with storm updraft/downdraft to convective precipitation sustenance. Thus, explaining 

the impact of jets on the convective systems of West Africa. 
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4.7.1 Wind Profile over Coastal Areas (Equator – 8oN) 

 
Figure 4.56: Feedback (red) and Non-Feedback (blue) wind profile of 25th August – 5th September 

        2009 over Abidjan. 

 
Figure 4.57: Feedback (red) and Non-Feedback (blue) wind profile of 25th August – 5th September 

        2009 over Accra. 
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Figure 4.58: Feedback (red) and Non-Feedback (blue) wind profile of 25th August – 5th September 
        2009 over Freetown. 

 
Figure 4.59: Feedback (red) and Non-Feedback (blue) wind profile of 25th August – 5th September 

        2009 over Ikeja. 
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The wind profile, especially over this period of the year, is mainly focused on African Easterly Jet 

(AEJ) and Tropical Easterly Jet (TEJ). The AEJ and TEJ are the two (2) most important jets 

responsible for the convective systems over West Africa. While the AEJ can be said to be 

responsible for the production and sustenance of the convective systems i.e. it determines the storm 

type (storm organization and movement), TEJ helps to modulate the convective systems (Adefolalu, 

1976; Omotosho, 1983). Studies have also shown that shear wind (surface to 700 mb) favors fast-

moving MCSs in the region of the AEJ. Also, the direction of the shear vector is crucial and 

indicates the propagating direction for the whole MCS. 

Studies from deep convection have shown that wind shear can have several effects such as the 

effective organization of deep convective systems into rain bands and squall lines (e.g. Thorpe et 

al., 1982; Rotunno et al., 1988; Parker, 1996; Hildebrand, 1998; Robe and Emmanuel, 2001; 

Weisman and Rotunno, 2004). In the same vein, shear can also limit convection during the 

developing stages (Pastushkov, 1975), reduction in the updraft speeds in slanted thermals by 

enhancing the (downward oriented) pressure perturbations (Peter et al., 2019), inhibit deep 

convection by blowing off cloud tops (Sathiyamoorthy et al., 2004; Koren et al., 2010) which is 

interpreted as an increase in the cloud surface area that experiences entrainment, which also plays a 

role in setting updraft buoyancy and updraft speeds. 

Figures 4.56 – 4.59 showed the wind profiles of the selected locations regarded as rainforest or 

coastal areas. It is called a coastal area because all the locations shared boundaries with the Atlantic 

Ocean. The figures showed wind profiles from radiative feedback (in red color) and non-feedback 

mechanism (in blue color). All stations in this zone, except Abidjan, recorded a strong TEJ around 

200 mb – 250 mb with Abidjan, Accra and Freetown (radiative feedback) recording weak jets at the 

AEJ level of 700 mb. This combination has a higher possibility of producing thunderstorms 
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(Dhnonneur, 1971), and it also supports an (Omotosho, 1983) study which showed weak AEJ 

during the month of August when the inter-Tropical Discontinuity (ITD) has migrated to its 

northernmost position of 22oN. Though, the non-feedback of Abidjan, Accra and Freetown as well 

as both feedback and non-feedback for Ikeja recorded strong jets at the AEJ level. All the figures 

under the coastal stations recorded shear close to the surface, and this is an indication of possible 

storms. This finding is in support of Ludlam’s (1980) study that pointed to strong shear as the key 

feature for severe storms. Abidjan station (figure 4.56) was the only location where the winds took 

their source at different zonal axes, with feedback on the negative zonal wind component and the 

non-feedback on the positive side. But the other three locations of the same classification namely: 

Accra (figure 4.57), Freetown (figure 4.58), and Ikeja (figure 4.59) had two (2) winds taking off 

from the same axis of the zonal wind component. This means that the impact of the radiative 

feedback on the wind is more pronounced over Abidjan at the surface when compared to the other 

locations, as the wind recorded weak jet. 
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4.7.2 Wind Profile over Tropical Savannah/Semi-Arid Area (8oN – 13oN) 

 
Figure 4.60: Feedback (red) and Non-Feedback (blue) wind profile of 25th August – 5th September 

        2009 over Banizoumbou. 

 
Figure 4.61: Feedback (red) and Non-Feedback (blue) wind profile of 25th August – 5th September 

        2009 over Kano. 
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Figure 4.62: Feedback (red) and Non-Feedback (blue) wind profile of 25th August – 5th September 

        2009 over Ouagadougou. 
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Figures 4.60, 4.61, and 4.62 represents the Banizoumbou, Kano, and Ouagadougou stations 

respectively. They are locations classified as tropical savannah or semi-arid regions. The wind 

profile over Banizoumbou (figure 4.60) showed the radiative feedback wind component taking its 

source from the positive zonal wind axis while the non-feedback took its source from the negative 

zonal wind axis. Shear exists from the surface to about 700 mb, and this favors fast-moving in the 

region of the African Easterly Jet (AEJ). The direction of the shear vector is crucial and indicates 

the propagation direction for the whole convective systems because the propagating MCSs show a 

preference to propagate in the same direction as the lower-stratospheric shear vector (i.e., down-

shear) at the expense of the convective systems propagating in opposite direction to the lower-

stratospheric shear (i.e., up-shear). The strength of the wind is strongest between 700 mb and 400 

mb, with radiative feedback and non-feedback recording a wind strength of 10ms-1 and 14ms-1 

respectively, which is an area favorable to trigger and intensify convection. 

Figure 4.61, which represents Kano, the taking off of the wind source is similar to that of 

Banizoumbou (Figure 4.60), that is, the non-feedback wind starting from a negative zonal wind 

component. The wind is strongest at 500 mb and 250 mb. There exists a strong Tropical Easterly Jet 

(TEJ) and African Easterly Jet (AEJ) which is important in modulating and strengthening the 

convective systems. 

Unlike figure 4.61 (Kano) which recorded the strongest wind at 500 mb and 250 mb, figure 4.62 

(Ouagadougou) showed that the wind strength was at its peak from 550 mb to 100 mb. Also, the 

radiative feedback-impacted wind took its source from the negative axis of the zonal wind while the 

non-feedback wind took its source from the positive axis. The wind source information at the 

surface over Ouagadougou is at variance to the other locations (Banizoumbou and Kano) within this 



 

 

 

166 

same climatic classified region or zone. The TEJ is also strong while the AEJ is weak as seen across 

all figures under this zone. 

This vertical wind shear is known to play a key role in the organization and intensity of Mesoscale 

convective systems (MCSs) in West and Central Africa. Summarily, there exits continuous change 

in vertical wind shear over the stations in this classified savannah or semi-arid region, and by 

implication, can be responsible for the increasing intensity of MCSs over this region. This is in 

support of (Richardson, 1999; Weisman and Rotunno, 2004; Taylor et al., 2017, 2018; Klein et al., 

2021) studies that linked the decadal increase in vertical wind shear to the recent decadal increase in 

intense MCSs over the Sahel. 
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4.7.3 Wind Profile over Desert Climate (13oN upward) 

 
Figure 4.63: Feedback (red) and Non-Feedback (blue) wind profile of 25th August – 5th September 

         2009 over Agoufou. 
 

 
Figure 4.64: Feedback (red) and Non-Feedback (blue) wind profile of 25th August – 5th September 

        2009 over Dakar. 
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Figure 4.65: Feedback (red) and Non-Feedback (blue) wind profile of 25th August – 5th September 

        2009 over Praia. 
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Figures 4.63, 4.64, and 4.65 representing Agoufou, Dakar, and Praia respectively are classified as 

the desert climate for stations north of 13oN in this study. It is expected that convective activities 

should be prevalent during this period of the year (August), with the rainforest region experiencing 

or just exiting the little dry season (LDS). Observational and numerical studies have shown that the 

combination of the horizontal wind and its corresponding vertical wind structures have important 

impacts on the development of convective activities. Omotosho (1987) further defined certain 

conditions to be met before thunderstorms can occur, with the first criterion being the low-level 

wind shear below AEJ (surface to 700 mb) ranging from -20 to -5ms-1; and the second criterion is 

the mid-troposphere (700 to 400 mb) ranging from 0 to 10ms-1. Based on the above definition, only 

Agoufou (feedback and non-feedback), Dakar (feedback only), and Praia (non-feedback only) met 

the criteria for thunderstorms to occur while the non-feedback for Dakar and feedback for Praia 

only met the second and first criterion respectively for the mid-troposphere (700 to 400 mb) ranging 

from 0 to 10ms-1. 

The non-feedback and radiative feedback impacted horizontal wind value over Agoufou (figure 

4.63) was greater than -5ms-1 (> -5ms-1) between the surface and 700mb, thus meeting the 1st 

criterion of thunderstorm occurrence. While the strength of the wind at the AEJ (i.e. 700 mb) is 

stronger and easterlies under radiative feedback, the strength is weak and westerlies under non-

feedback. But at TEJ levels (i.e. 250 mb), both the non-feedback and radiative feedback recorded a 

strong wind strength that is easterlies. It was equally observed that the two winds are not in the 

same direction around the 850 mb – 750 mb and 400 mb – 300 mb, but the winds aligned together 

in the same direction at the upper level of 250 mb. 

For Dakar (figure 4.64), unlike the other two (2) stations under this category that had one or two of 

their wind taking its source from the negative axis (easterlies) of the zonal wind component, both 
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the non-feedback and the radiative feedback impacted winds took their sources from the positive 

axis of the zonal wind component. This implies that there is the possibility of less convective 

systems over Dakar at this period since the positive zonal wind blows from the west while the 

negative blows from the east; and studies have identified the convective systems with the motion of 

trains of vortices that move from east to west over West Africa (Adefolalu, 1974; Obasi, 1974; 

Fasheun, 1979). Studies have also shown that in the northern storm track (i.e. north of 15oN), 

convection tends to be suppressed west of the AEW trough, but is enhanced to the east of the trough 

where there is enhanced southerly flow of moist air into the arid region (Burpee, 1972; Duvel, 

1990; Mathon et al., 2002, Fink and Reiner, 2003). The westerly flow of the wind acts as 

suppression to the mid-tropospheric horizontal shear associated with the AEJ as it can be observed 

that none of the wind between the surface to 700mb satisfies the -20 to -5ms-1 condition for 

thunderstorms development (Omotosho, 1987). 

Figure 4.65 (Praia) showed both winds being easterlies at the surface and thus meeting the criteria 

for thunderstorm development tendency as discussed above, with only the non-feedback vertical 

wind profile meeting both criteria for thunderstorm development. Though, the AEJ for radiative 

feedback only and TEJ for both feedbacks seem to be strong but present at 700 mb and 250 mb 

respectively. The strength of the wind may have been stronger than the wind component range 

defined for the mid-troposphere. But these areas of ascending motion (700 mb and 400 mb) are not 

favorable to trigger and intensify convection. 
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4.8 Impact of the non-local plume on radiative feedback outputs of simulated cloud 
cover, relative humidity, and temperature. 

 

         

          

      

 Figure 4.66: Cloud cover response to aerosol radiative feedback of 25th Aug. – 5th Sept. 2009 
          over West Africa. 
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In this section, the objective was to examine the impact of non-local plumes on simulated cloud 

properties, precipitation, and temperature. Based on the preceding statement, the cloud and other 

variables (both at the surface and upper level) were considered under feedback and non-feedback 

conditions. It should be noted that low clouds give heavy precipitation and are observed as a darker 

blue color. The period of the month considered was August to capture the cloud very well since 

inter-Tropical Discontinuity (ITD) would have been at the northernmost position of 22oN (Ilesanmi, 

1971; Omotosho, 1985) at this time of the year. For cloud cover of 25th – 26th August as seen in 

figure 4.66, the whole West Africa region was under a well-developed cloud situation, which had 

the propensity to give heavy precipitation. These clouds covered areas from the coast to about 

14oN, while some patches can be seen up to 18oN. These clouds also extended to the central African 

countries of Chad Republic, Cameroun, Central Africa Republic, and the Democratic Republic of 

Congo. Despite the cloudy nature of most areas south of 14oN, most coastal areas spanning from 

Benin Republic through Togo, Ghana, and Côte D’Ivoire to Liberia were devoid of low cloud 

which carries heavy precipitation. The figure for the 27th – 28th of August showed the clustering of 

heavy precipitation-laden clouds in areas around the Gulf guinea. Though other parts of West 

Africa have clouds, the middle clouds are sparsely distributed with low clouds recorded in the 

central states of Nigeria. The cloud has exceeded the 19oN mark as seen in the previous figure. 

Hence, it can be deduced that the smaller the area covered by the cloud, the tendency to Upper-

level-intensity precipitation. Some parts of central Africa also recorded a high-intensity cloud. It 

was also observed that most parts of Ghana were cloudless. Though, studies have shown that Accra, 

a coastal region, rainfall pattern that differs from other coastal regions of West Africa. Could this 

cloudless situation over the country at this month of the year be the reason why the coastal region 

record less annual rainfall compared to others? The figure for 29th – 30th August showed heavy 



 

 

 

173 

precipitation-laden clouds over areas around the Gu of Guinea, Mali, Niger Republic, and central 

Africa of Cameroun, Gabon, Central Africa Republic, and Sudan. The eastern axis of Nigeria from 

the Mambilla plateau in Taraba state down to the Cross River state boundary to Cameroun. But the 

central states of Nigeria through the western axis of the region to Côte D’Ivoire are devoid of 

intense clouds. Some patches of cloud can also be observed around the southern part of the North 

African countries of Algeria and Libya. The figure for 31st August – 1st September showed the 

spanning of the clouds across the region with the heavy precipitation-laden cloud sparsely 

distributed around Guinea Bissau, southern Mauritania, and the central and northeastern region of 

Nigeria. Areas south of 19oN are devoid of any heavy clouds. Figure 4.66 for 2nd – 3rd September 

showed the core of the clouds spotted over countries around the Gulf of Guinea. The clouds 

covered Sierra Leone, Guinea Bissau, Guinea, Senegal, and The Gambia. The other heavy clouds 

are spotted over Nigeria, around the north-central states, and some parts of the south-south region. 

Côte D’Ivoire and Burkina Faso recorded a clear sky, as well as the Savannah region of Nigeria. 

The figure for 4th – 5th September saw the heavy clouds around the Gulf of Guinea move up to the 

boundary of Mauritania, Mali, and Senegal. All parts of Nigeria were also covered by heavy clouds, 

albeit some areas had shallow clouds. The other parts of West Africa recorded shallow clouds, 

which may likely not be able to produce rain but can be effective in reducing the amount of 

radiation to earth and thus modulates the evaporation of water from the land surface. 
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    Figure 4.67: Surface relative humidity response to aerosol feedback of 25th Aug. – 5th Sept. 2009 over 

            West Africa. 
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The relative humidity at the surface was observed for morning and afternoon hours, with each row 

of four (4) panels having 48-hour (2 days) plots. It is an undeniable fact that there are increased 

dynamics of the atmosphere during the day as a result of radiation and other factors. This can lead 

to turbulence and mixing in the atmosphere and thus alter the state of the atmosphere from a stable 

to an unstable situation (Holtslag, 2003).  Results from figure 4.67 above showed that all the 

simulated days recorded a high relative humidity presence of about 96% over areas south of 15oN, 

and about 60% over areas between 15oN and 20oN covering Niger, Mali, and Mauritania. The North 

African countries of Morocco and Libya also recorded relative humidity of about 44%, while 

Algeria recorded a relative humidity of about 8%. The latitudinal distribution of relative humidity 

as stated earlier conforms with earlier studies of (Ilesanmi, 1971), which attributed the 

northernmost position of inter-Tropical Discontinuity (ITD) to the high relative humidity present in 

the atmosphere. The graphs for 29th – 30th August showed a further build-up of the relative 

humidity from the preceding days. While the Niger Republic and Chad Republic’s high relative 

humidity of above 96% exceeded latitude 15oN, other parts of West Africa retained the same values 

below 15oN. The 44% relative humidity record was observed in the southern part of Algeria on the 

morning of 29th August but had completely covered the country by the afternoon of 30th August. 

The figures for 31st August – 1st September revealed that the relative humidity value of above 96% 

was as high as about latitude 20oN. The figures also showed the North African countries under 44% 

relative humidity while there sparsely distributed humidity value of about 8% in some parts of the 

same North Africa. The figures for 2nd – 3rd September saw a decline in the high relative humidity 

values of above 96% strictly limited to south of latitude 15oN. These also led to the decline of the 

40% - 60% range of relative humidity over areas north of latitude 15oN, and more areas also 
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recorded a humidity value of about 8% when compared to the previous days. The figure for 4th 

September recorded an improvement from the preceding day’s value as the high relative humidity 

of over 96% exceeded latitude 15oN, and almost all parts of Northern Africa were under the 

influence of the 40% - 60% range of relative humidity value. 
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    Figure 4.68: Upper level relative humidity response to aerosol feedback of 25th Aug. – 5th Sept. 2009 

            over West Africa. 
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Going by the general observation, the morning periods record more moisture content in the 

atmosphere than the afternoon periods. From the figure 4.68 above, the morning period for 25th 

August showed areas bounded by the Gulf of Guinea recording high relative humidity of about 

8.2% while the other coastal areas of the West African region recorded about 6.6%. The inland 

areas of West Africa, as well as northern Africa, recorded about < 5% of relative humidity amount. 

Though, northern Mauritania and western Algeria had no record of relative humidity (i.e. 0%). The 

same zero relative humidity can be across all North African countries in the afternoon period of the 

same day. The high relative humidity amount was recorded over Ghana, Togo, Benin Republic, and 

Nigeria. This same high relative humidity was recorded over the central counties of Cameroun, 

Central Africa Republic, and southern Chad. Areas around the Gulf of Guinea and the inland areas 

of West African countries recorded relative humidity of < 5%. The morning figure for 26th August 

showed an entire area of low relative humidity of less than 6.6%, while the same axis as that of the 

morning of the preceding day showed zero relative humidity. Though, some areas actually recorded 

some scanty high relative humidity of > 6.6%. Looking across the remaining graphs spanning 

through the 27th of August – the 4th of September at the upper level, the figures are more or less the 

same scenario of high relative humidity content around the coastlines, areas of the Gulf of Guinea, 

and around some central African countries. The northern part of Africa sometimes records relative 

humidity of less than 5% or no humidity of zero. Aside from the 29th – 30th August and the 31st 

August – 1st September figures where most parts of northern Africa recorded zero relative humidity 

amount throughout the days, other figures showed some content of moisture in the atmosphere 

either in the morning or afternoon periods. In summary, the results showed that a similar scenario at 

the surface was also applicable at the upper level in which areas closer to the coast recorded more 

relative humidity content that the further inland area, albeit the difference was the level of the 
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moisture content present. Hence, the results, therefore, showed that the higher you go, the fewer 

moisture contents are recorded in the atmosphere. And this is in support of (Noh et al., 2016) study. 
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    Figure 4.69: Surface temperature response to aerosol feedback of 25th Aug. – 5th Sept. 2009 over 

            West Africa. 
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Based on the surface distribution of the relative humidity as indicated in figure 4.67, the surface 

temperatures (in kelvin) as shown in figure 4.69 were observed to be highest across areas where 

relative humidity was very low. Specifically, the northern part of Mali and the southwestern region 

of Algeria showed a temperature range of about 305 K (31.85oC) to 310 K (36.85oC) all through the 

figures from 25th August – 4th September, while some parts of the northern region of the continent 

recorded temperature range of 300 K (26.85oC) to 305 K (31.85oC). Other parts with high-

temperature records include Chad Republic, Mauritania, and Niger Republic. All through the period 

of the study, areas south of 14oN recorded less temperature which ranges from 288 K (14.85oC) to 

297 K (23.85oC). The slight changes in temperature between day-time and night-time, especially 

over Chad regions, are supported by (Tegen and Kohfeld, 2006) study which concluded that the 

observed changes over the Chad region can be attributed to the enhancement of the wind speed over 

the dust cloud when analyzing the vertical temperature structure of the region. Central Africa region 

of Cameroun, the Gulf of Guinea region of Sierra Leone, Guinea, and Liberia, and the central state 

of Nigeria recorded the coldest temperature of between 288 K (14.85oC) and 293 K (19.85oC). The 

Western Sahara region of Morocco was also cold throughout despite being positioned around the 

North African region. This is because of the location of the country between the Atlantic Ocean, the 

Mediterranean Sea, and the Atlas Mountain in the northwest of Africa. Hence, the weather is 

formed by cold Atlantic currents and the impact of the Sahara Desert and mountains (Knippertz et 

al., 2003; Driouech et al., 2009; Schilling et al., 2020). 
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    Figure 4.70: Upper-level temperature response to aerosol feedback of 25th Aug. – 5th Sept. 2009 over 

            West Africa. 
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The temperatures at the upper level are mostly cold. This is not surprising as it is widely known that 

the higher one goes, the cooler it becomes. The highest temperature at the upper level during the 

period of the simulation was about 214 K (-59.15oC), compared to the surface’s highest temperature 

value of about 311 K (37.85oC). Unlike the surface temperature where all areas south of 14oN were 

under the influence of low temperature, most afternoons from figure 4.70 dated 25th August – 4th 

September had high-temperature encroached below that threshold of surface temperature, with 

some high-temperature values getting to the areas of the Gulf of Guinea. The colder temperatures 

were spotted around countries like the Gulf of Guinea area, the central African countries, and the 

coastal countries of Ghana, Togo, Benin Republic, and Nigeria. It can also be noted that the 

transition zone between the high and low temperatures is wider at the upper level compared to the 

surface temperature scenario where it looked more like an ITD path. The morning hours equally 

recorded low temperatures across the period of study, with the values ranging between 209 K and 

211 K. But the morning period of 30th and 31st August recorded above 211 K around Morocco and 

northern Algeria. The temperatures were stronger between the afternoon periods of 25th August and 

1st September. 
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4.9 Impact of the non-local plume on non-feedback outputs of simulated cloud cover, 
relative humidity, and temperature. 

 

           

            

               

    Figure 4.71: Non-feedback cloud cover of 25th Aug. – 5th Sept. 2009 over West Africa. 
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Considering the cloud cover of non-feedback mechanisms, figure 4.71 of 25th – 26th August showed 

a strong cloud at the border of Mali, Cote d’Ivoire, and Senegal. This low cloud extended to areas 

around the Gulf of Guinea. The same scenario can be found around the eastern part of Nigeria, 

which also extended to western Cameroun. The Chad Republic also had strong clouds, which span 

from the eastern part to the southwestern part of the country. There are signs of high cloud which 

extend up to 20oN compared to the feedback scenario. Observations from the figure for the 27th – 

28th of August revealed an almost similar scenario with the figure and that of the feedback scenario 

of the same date. The countries around the Gulf of Guinea, Sierra Leone, Guinea Liberia, and 

Guinea Bissau were under the influence of strong clouds. Other parts of West Africa are covered 

with light clouds up to about 22oN. Also covered with light clouds are the central African countries 

of Chad Republic, Cameroun, Central Africa Republic, and Gabon. The figure for the 29th – 30th of 

August showed a developing and propagating cloud around the eastern part of Nigeria, close to the 

Mambilla plateau and the border of Cameroun. Comparing the initial figure with this, it can be 

deduced that the clouds started it developing process in the initial figure but have developed into 

some precipitation-laden clouds here. Mali and the areas of the Gulf of Guinea also possessed 

strong clouds. Comparing the figures from the two different outputs, feedback and non-feedback, it 

was obvious that the figure from the feedback mechanism possesses more clouds, both light and 

thick clouds, with a high probability of heavy precipitation outcome. The clouds in this figure of the 

29th – 30th of August exceeded 24oN latitude. The figure for the 31st of August – the 1st of 

September showed scattered strong clouds over the inland areas of the central areas of the region. 

Some of the coastline countries of the region were devoid of any strong clouds but have the 

presence of light clouds, but Cote d’Ivoire and southern Ghana had no sign of clouds at all. There 

was an isolated light cloud over the northern Niger Republic and the border of Algeria and Libya. 
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The isolated light cloud exceeded the 24oN latitudinal position. Aside from the areas around the 

Gulf of Guinea and southern Nigeria, the figure for the 2nd – 3rd September showed most of the 

West Africa region devoid of strong clouds. Though, there were patches of light clouds scattered all 

over the region, as well as central and northern Africa. Some of the light clouds exceeded 25oN, 

extending from western Algeria to a small part of Libya. The figure for the 4th – 5th of September 

showed more parts of Nigeria, especially the northern part which was not covered by the cloud in 

the preceding day, having an almost overcast. This thick cloud was observed to be present over the 

Republic of Benin and parts of Togo and Ghana. The border of Senegal and Mauritania also 

recorded a strong cloud, while there is a developing cloud over Cote d’Ivoire. Based on the 

comparison between the feedback and non-feedback mechanism, it can be deduced from the 

simulated results that the latter had more light clouds but towering to a high latitudinal position 

when compared with the former, but the feedback outputs showed thicker clouds around central 

Africa. 
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Figure 4.72: Non-feedback surface relative humidity of 25th Aug. – 5th Sept. 2009 over West Africa. 
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The relative humidity of the surface and upper level was also considered under the non-feedback 

situation, as they were under the radiative feedback mechanism. The 25th – 26th day of August in 

figure 4.72 showed a high relative humidity of above 92% in the morning period of both days, 

exceeding 15oN. The relative humidity values over the West African countries of Mauritania, Niger, 

and Mali, which are closer to the North African region, were between 40% and 75%. There was 

variability in the relative humidity distribution across the North African region. While most parts of 

Algeria recorded relative humidity of about 4% - 20%, Libya recorded about 40% within its central 

regions, while the northern axis of the country recorded well over 70% in moisture content in the 

atmosphere. This high moisture content in the northern axis of Libya can be attributed to the 

presence of its closeness to the Mediterranean Sea (Knippertz et al., 2003; Schilling et al., 2020). 

The Moroccan axis also recorded high relative humidity of over 80%. This can also be attributed to 

its closeness to the canary sea. The afternoon period over Northern Africa was low on relative 

humidity amount, with most parts of the regions recording less than 20% in moisture content in the 

atmosphere. Gulf of Guinea areas of the West African region recorded high relative humidity of 

about 85%, while the inland areas recorded moisture content in the atmosphere of less than 70%. 

The coastal city of Accra (Ghana) also recorded less relative humidity amount when compared to 

other coastal cities in the neighboring countries of Togo, Benin, and Nigeria. This is in support of 

the earlier studies (Acheampong, 1982; and Amekudzi et al., 2015) which affirmed the abnormality 

in the Accra weather situation when compared to other locations across the same zone. Cameroun 

and the Central Africa Republic also recorded relative humidity of less than 70% while the northern 

and southern Chad Republic recorded low relative humidity of less than 20% and high relative 

humidity above 80% respectively. From the observation of the remaining figures from the 27th of 

August – the 4th of September, the morning periods showed high relative humidity that ranges 
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between 80% and above 90% from the coast to about 15oN over the West African region, while the 

inland areas over the Sahara region of West Africa to some North African countries recorded 

moisture content in the atmosphere between less than 20% and about 50%. The afternoon hours of 

the same days showed almost a general view of both high and low relative humidity over some 

coastal countries, while the countries close to the North Africa region upward, that is areas north of 

15oN, were under a very low relative humidity of between 40% and less than 20%. In summary, the 

feedback outputs tend to have higher relative humidity amounts both during the morning and 

especially in the afternoon hours compared to the non-feedback outputs. Thus, it can be concluded 

from the outputs of the simulations that the radiative interaction of the aerosol with the relative 

humidity at the surface helps to increase and also retained the number of moisture contents in the 

atmosphere, especially during the afternoon periods. 
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Figure 4.73: Non-feedback upper-level relative humidity of 25th Aug. – 5th Sept. 2009 over West Africa. 
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Moisture content in the upper layer of the atmosphere (as seen in figure 4.73) exhibited the presence 

of low moisture content when compared to the surface under the two (2) conditions. But feedback 

conditions seem to contain more moisture in the atmosphere than non-feedback conditions under 

the upper-level scenario for both mechanisms. The figure for the 25th – 26th of August showed the 

morning hours having less relative humidity amount over the coastal countries and some inland 

areas compared to the afternoon period. The North Africa and Sahara axes of West Africa’s relative 

humidity amount range between 2% and 4%. The afternoon periods of the same days had more 

moisture content in the atmosphere around the coastline areas of West Africa and the Central 

African countries of Cameroun and the Central Africa Republic which ranges between 9% and 

10%. The Sahara area of West Africa to the southern part of Algeria also had a moisture content of 

about 5%, while Libya recorded a low moisture content of 3% - 4%. The figures for the 2nd – 3rd of 

September showed that the relative humidity is high throughout the days. There were higher 

moisture contents around the coastal and central African areas compared to the other days. Relative 

humidity was not less than 6% even over the North African countries of Algeria and Libya. The 

afternoon of the 3rd of September recorded a relative humidity of about 10% from the central 

African region to the West African countries of Nigeria Benin Republic, Togo, and Burkina Faso. 

From general observations, the afternoon periods seem to have more moisture content availability 

in the atmosphere compared to the morning periods. Though the morning of 29th August had a 

relative humidity record of about 10% over Sierra Leone and Guinea Bissau, the build-up of that 

moisture started the morning of the preceding day. The relative humidity distribution in the 

feedback situation was evenly distributed between the morning and afternoon hours but the non-

feedback condition showed a contrasting situation between the morning and afternoon periods. 
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Figure 4.74: Non-feedback surface temperature of 25th Aug. – 5th Sept. 2009 over West Africa. 
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Going by the information from the surface non-feedback temperature outputs as shown in figure 

4.74 above, and comparing the same to the feedback scenario in figure 4.68 showed a vast 

difference between the two (2) outputs, especially in the morning hours. The figures here, under the 

non-feedback scenario, showed a cool scenario during the morning hours all through the days of 

simulation, with the highest temperature values ranging between 304 K and 309 K. In comparison 

to the feedback scenario where the morning hours recorded high values of above 310 K which was 

the highest value in the figure. The areas south of 15oN and up to 10oN showed a cool temperature 

situation of about 295 K – 300 K over most countries such as Senegal, The Gambia, southern Mali, 

Niger, and Chad Republic, while it was cooler over Central Africa country of Cameroun, some 

parts of Nigeria and the Gulf of Guinea countries of Liberia, Sierra Leone, Guinea, and Guinea 

Bissau. The afternoon scenario showed high temperatures over areas north of 15oN, which span 

across the North African countries of Morocco, Mauritania, Algeria, Mali, Chad Republic, and 

some parts of Libya. Summarily, the figures from the morning period of feedback output when 

compared to non-feedback suggest that aerosols, in their direct effects, help in reflecting solar 

radiation into space and make the atmosphere warmer. This conforms to the studies (Twomey, 

1977; Seinfeld et al., 2016). 

The distribution of the temperature around this time of the year (wet season) as a result of the 

latitudinal position of the ITD, causing the coastal areas and areas south of ITD to be under the 

influence of monsoon flows (Oluleye and Okogbue, 2013), resulted to areas north of the latitude to 

be under the influence of dust. These absorbing aerosols heat the atmosphere (comparing the figure 

below) and cool the surface which leads to the stabilization of the boundary layers (BL) and the 

reduction in sensible and latent heat fluxes (Chung and Seinfeld, 2002). 
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Figure 4.75: Non-feedback upper-level temperature of 25th Aug. – 5th Sept. 2009 over West Africa. 
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The figures for the upper-level temperature (figure 4.75) showed a high value over the morning 

hours. The high-temperature values spanned across the North African countries of Morocco, 

Algeria, and Libya and to the West African region of Mauritania, Mali, and part of Niger Republic 

as shown in the first figure of the 25th – 26th August. The coastal axis recorded temperature values 

that range between 205 K over the Gulf of Guinea areas of Liberia, Sierra Leone, and Guinea and 

207 K over southern Nigeria, Ghana, and Togo through to Senegal, southern Mauritania, and Mali. 

The figure depicting the afternoon of the 25th of August showed a cooler temperature of about 200 

K over the Central Africa Republic, Cameroun through to eastern Nigeria and the western part of 

Nigeria through to southern Benin, Togo, and Accra axis of Ghana. The hot temperature was 

limited to only the North African region, leaving the West African region warmer and cooler with a 

temperature range of 201 K – 211 K. On a general observation, the cool (low) temperature was 

experienced over the West African region in the afternoon period of 29th August and 3rd of 

September. The cool temperature covers the Central African countries of Cameroun and the Central 

Africa Republic to the West African coastlines of Nigeria to Ghana, up to 15oN. The hot 

temperature seems to cover more areas during the morning period than the afternoon period. 

Comparing the results from both feedback and non-feedback conditions at the upper level, the 

results showed that the non-feedback at the upper level seems to be warmer in temperature values 

compared to the feedback mechanism. The scenario in a feedback mechanism can be attributed to 

the aerosol, e.g., water vapor, in the upper level served as a coolant to reduce the temperature value. 
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CHAPTER FIVE 

5.0 CONCLUSION AND RECOMMENDATION 

The research has provided valuable insights into aerosol distribution, its relationship with climatic 

parameters, and the impact of its radiative effects on convection initiation and propagation, cloud 

properties, temperature, and relative humidity. The selected aerosol types for this study showed that 

all pollutants were more pronounced in the dry months of December, January, and February (DJF), 

excluding dust which was present almost throughout the year over and around Bodélé depression. 

The findings also showed that most of the monthly trends and spatial distribution of biomass-

burning and carbonaceous, as well as dust and PM2.5, exhibited the same pattern. This shows that 

dust and PM2.5 may not necessarily be separable by ordinary eyes while some studies have shown 

the possibility of both biomass and carbon happening simultaneously especially when biomass 

burning takes place. The daily heavy traffic situation and continuous emission of CO by industries 

in Ikeja may be responsible for the high carbon pronouncement over the location in the months of 

March/April/May (MAM). The presence of carbonaceous all through the months of the year over 

Ikeja cannot be unrelated to anthropogenic factors as it is seen as the commercial hub of West 

African states. The correlation between the climatic parameters and selected aerosol types showed 

that there exists some level of relationship between the variables. The findings from the correlation 

analyses between the aerosol types and climatic parameters at various locations showed a 

statistically significant relationship in probability value that ranges between 60% - 90% except for 

the correlation between biomass burning and wind speed which recorded about 40%. Over Praia, 

there was no existing relationship between all the climatic parameters and biomass-burning and 

carbonaceous. Results from the correlation also showed that particulate matter exhibits the highest 
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percentage of a strong relationship with all climatic parameters across all locations, but the 

savannah regions exhibited a high relationship between climatic variables and aerosol types.  

The surface output for the modeled analysis of 21st – 30th December 2015 showed that aerosol 

(mineral dust) is ever present over the Bodélé depression, but this same feature cannot be seen over 

the upper-level analysed output. Validating the model output with EUMETSAT images, it can be 

deduced that model performed well. This assertion was made because the satellite images showed 

an influx of moisture around the Gulf of Guinea axis of Freetown up to Dakar in Senegal, and this 

can be said to be responsible for the confined spreading of the dust aerosols to as far as Accra and 

the eastern part of Cote D’Ivoire. The mixing level height analysis was mostly experienced to be 

high during the day (afternoon hours) which showed the importance of radiation to atmospheric 

turbulence. This occurs when the shortwave radiation heats the surface and the longwave radiation 

is reradiated back into the atmosphere and thus altered the stable atmosphere. The impact of the 

aerosol on convective initiation and propagation was also obvious in the analysis of the wind 

profile, as AEJ or TEJ were either altered or the two (2) wind formats (radiative feedback and non-

feedback) does not flow in the same direction and not have same speed or strength. Thus, the 

impact of the radiative feedback on the wind profile for the rainforest region was more pronounced 

over Abidjan than in other locations within the same region. Also, the continuous vertical wind 

shear can be said to be responsible for the increasing intensity of convective systems during this 

period of the year. 

The impact on non-local plumes showed that, whereas the non-feedback recorded light but a high 

latitudinal towering cloud, the radiative feedback output recorded thicker clouds that can be 

categorized as low clouds (clouds with strong convective activity). The presence of aerosols close 

to the surface may have been responsible for the retention of a water molecule in the atmosphere, 
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thus leading to the high relative humidity recorded even during the afternoon hours. The impact of 

radiative feedback on temperature resulted in high temperatures even during the early morning 

hours, but the information showed a relatively cool scenario under the non-feedback scenario. 

Hence, it can be deduced that the aerosols in the atmosphere may have acted as a shield that traps 

the heat from escaping into the upper atmosphere. 

 
5.2 RECOMMENDATION 

The result of this research work certain types of aerosols are available in the atmosphere all 

throughout the year, especially mineral dust at the point source - Bodélé depression. This is against 

the belief in some quarters that dust is an atmospheric phenomenon associated with dry season. 

Though, some other aerosol types only occur seasonally. But the monthly trend showed that most 

aerosol types are more prevalent during the dry seasons, while the aerosol types can be said to be 

negligible or insignificant during the rainy season. The presence of these aerosol types also showed 

that there exists certain level of relationship between the aerosols and some climatic parameters. 

And from the outputs of the COSMO-MUSCAT coupling modelling, the results showed that the 

model is good enough to capture episodes of these atmospheric-related events (aerosols and heavy 

precipitation) despite been used over West Africa for the first time, though there is room for 

improvement of the model. Also, the difference between aerosol radiative feedback and non-

feedback mechanism on other meteorological (climatic) variables also showed that there is a 

relationship and impacts/effects of aerosols on these parameters. Hence, these aerosols’ presence in 

the atmosphere should be put into consideration when making forecasts for heavy precipitation in 

terms of its characteristics. 
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CONTRIBUTION TO KNOWLEDGE 

1.) The research work has produced two (2) publications, thereby adding or contributing to 

existing knowledge in literatures. 

2.) The results from the research will help to inform meteorological agencies’ decisions in their 

seasonal weather forecast by considering aerosols’ presence during the forecast process. 

3.) Policy makers on health related matters can make plans for air-pollution related diseases and 

can also help make adequate preparation for any eventuality. 
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